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Masterarbeit
KONZEPTIONIERUNG UND AUSLEGUNG EINES TANKS FÜR GELARTIGE TREIBSTOFFE
ZUR VERSORGUNG EINES SCHUBREGELBAREN OBERSTUFENTRIEBWERKS FÜR
HÖHENFORSCHUNGSRAKETEN
Im Zuge erweiterter Anforderungen an Missionsprofile von Höhenforschungsraketen soll ein
neuartiger Oberstufenantrieb entwickelt werden. Ziel ist es, mittels eines schubregelbaren Ober-
stufentriebwerks verschiedenste, auch nicht ballistische Flugprofile zu erfliegen. Das Triebwerk
soll mit einem neuartigen Geltreibstoff betrieben werden, welcher durch den Injektor der Brenn-
kammer unter hohem Druck verflüssigt, zerstäubt und anschließend gezündet und verbrannt
wird. Dabei vereint der Geltreibstoff die Vorteile des Festreibstoffes mit der Schubregelbarkeit
des Flüssigtreibstoffes. Als Gelreservoir soll ein eigens dafür zu entwickelnder Tank dienen,
welcher zur Hauptaufgabe hat, den Geltreibstoff zu speichern und zu fördern, sowie als pri-
märe Außenstruktur der Rakete fungiert. Als tragendes Strukturbauteil muss er damit zusätzlich
für auftretende Boden- wie auch Fluglasten ausgelegt werden. Da es sich um ein Raketenbau-
teil handelt und die Effizienz maßgeblich durch die Strukturmasse mitbestimmt wird, ist bei
der Auslegung auf eine möglichst massenoptimierte aber auch kostengünstige Konstruktion zu
achten. Ziel dieser Masterarbeit ist es, den Tank zu konzeptionieren und so auszulegen, dass er
eine vorgegebene Masse Treibstoff speichern und die vorher beschrieben Anforderungen erfül-
len kann. Dazu soll zunächst der Stand der Technik erläutert und eventuelle Abgrenzungen zu
„herkömmlichen“ Treibstofftanks von Raketen verdeutlicht werden. Neben der Untersuchung
verschiedener Konzepte zur Struktur, Aufbau, Fördertechnik und Werkstoffen sollen anschlie-
ßend FEM-Analysen an einem favorisierten Konzept durchgeführt werden. Im Anschluss an die
Analysen soll basierend auf deren Ergebnissen ein CAD-Modell des Tanks entstehen. Für zu-
künftige Anwendungen soll zusätzlich die Skalierbarkeit des Konzepts mit Blick auf veränderte
Missionsanforderungen betrachtet, sowie das Potential zur Optimierung der Struktur diskutiert
werden. Die Arbeit soll mit der Zusammenfassung und dem Ausblick auf weiterführende Un-
tersuchungen abschließen.
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Kurzfassung
In-situ Messungen in der mittleren sowie der Hochatmosphäre sind hauptsächlich nur mit Hilfe
von Höhenforschungsraketen möglich. Die typische Trajektorie einer Höhenforschungsrakete
ist eine suborbitale, elliptische Flugbahn, die im Endeffekt für solche Messungen nur wenige
Sekunden während des Aufstiegs wie auch Abstiegs erlaubt. Um die wissenschaftliche Mess-
zeit zu erhöhen und längere Flugdauern in entsprechenden Höhen zu gewährleisten, arbeitet
die Mobile Raketenbasis des Deutschen Zentrums für Luft- und Raumfahrt zusammen mit In-
dustriepartnern an einer schubregelbaren Oberstufe für Höhenforschungsraketen. Als Antrieb
der Oberstufe soll ein für gelartige Treibstoffe optimiertes Triebwerk verwendet werden wel-
ches es der Oberstufe erlaubt auf einer gewissen Höhe zu schweben oder verschiedenste nicht-
ballistische Flugbahnen zu realisieren. Um dies zu erreichen wird die Oberstufe mit einem Lage-
regelungssystem, bestehend aus Schubvektorsteuerung sowie Kaltgasdüsen, ausgestattet. Somit
wird es möglich sein, atmosphärische Phänomene präzise anzusteuern und lokale Messungen
mit einer, im Vergleich zu bisherigen Konzepten beträchtlich erhöhten Verweildauer in den ent-
sprechenden Atmosphärenregionen durch führen zu können. Zur Schuberzeugung wird das Gel
durch Druckförderung aus einem Treibstofftank zum Triebwerk gefördert. Um das Triebwerk in
den verschiedenen Leistungsniveaus zu betreiben wird es mit Geltreibstoff im entsprechenden
Druck und Massenfluss versorgt.
Diese Masterarbeit behandelt die Neuentwicklung eines Treibstofftanks für gelartige Treibstof-
fe zur Versorgung eines Oberstufenantriebs einer Höhenforschungsrakete. Dabei wird der Ent-
wicklungsprozess von der Aufgabenstellung über die Konzepterstellung bis hin zu einem CAD-
Modell behandelt. Der Schwerpunkt der Arbeit liegt in der Festlegung des Konzeptes sowie
der anschließenden FEM-Analyse der Tankstruktur. Einzelne Subsysteme des Tanks werden
definiert und verschiedene Varianten verglichen und analysiert. Ein gasdruckgefördertes Kol-
benprinzip wird ausgewählt und entsprechend integriert. Dazu werden analytische Rechnungen
und FEM-Analysen durchgeführt und ein finales Modell erstellt, welches anschließend im FEM
simuliert wird und verbleibende Sicherheitsfaktoren ausgewertet werden. Die Besonderheiten
dieses Tanks liegen in der leichten und zugleich wirtschaftlichen Bauweise, wie auch in der
teilintegrierten Treibstoffförderung.
Schlagwörter: Finite Elemente Methode, Hochdrucktank, Höhenforschungsrakete, Konzept-
findung, Tankauslegung.

Abstract
In-situ measurements in middle and higher atmosphere regions are often only possible by means
of sounding rockets. The typical trajectory of a sounding rocket is a suborbital, elliptic flight
path which practically leads to only several seconds during ascent as well as descent to perform
the desired measurements. To improve scientific gain and provide longer measurement times
in the relevant altitude regions, the Mobile Rocket Base (MORABA) of the German Aerospace
Center and industrial partners are working on a thrust controllable upper stage for sounding
rocket applications. The upper stage will be powered by a gelled propellant engine and enable
the payload to hover on a certain altitude level or perform different, non-ballistic flight paths.
To achieve this, it will be equipped with an attitude control system consisting of a thrust vector
control unit for the engine and an additional cold gas thrusters. In this way, it would be possible
to precisely target atmospheric phenomena and perform local measurements with an essentially
extended local operating time in comparison to current sounding rocket concepts. The rocket
engine will be pressure fed by the propellant tank system which is a key element of the upper
stage, providing a sufficient fuel flow and pressure needed for the optimal combustion and
different thrust levels.
This master thesis concentrates on the development of a fuel tank for gelled propellants for the
supply of the upper stage engine. The complete development process is described from defining
the task over the concept development to a detailed CAD model in a manufacturing state. The
peculiarities of this tank are the light and economical design as well as the integrated, pressure
driven piston to feed the propellant. The focus of this work is the definition of the concept and
the subsequent structural FEM analysis of the tank system.
Keywords: concept development, FEM, high pressure structure, propellant tank design, sound-
ing rocket.
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1 Introduction
The use of sounding rockets has started to become more and more common over 70 years ago
already [1]. Typically sounding rockets have been and still are based on a military standard that
are equipped with scientific equipments. Whereas in the beginning of sounding rocketry also
a couple of liquid propellant rockets have been used, nowadays mostly solid propellant motors
are in service [2]. This is mainly due to the fact that most military rockets and missiles that
could be converted into sounding rockets use solid fuels as well [3]. Solid propellant motors
have the great advantage of a long storage time and easy handling. Despite these very useful
features, they cannot or at least difficultly be throttled during flight. The main way to tailor the
performance of a solid rocket motor is to change the way the propellant type or geometry is
designed to direct the burn rate [3]. For some experiments which require a specific operation
altitude, like some atmospheric measurements, this means that there is a window of a couple
seconds on the ascent of the vehicle as well as on the descent to perform the measurements. To
be able to provide longer operating times in certain altitudes regions a thrust controllable engine
is necessary. To meet this demand the Mobile Rocket Base of the German Aerospace Center
and industrial partners set the goal to develop a thrust controllable and reusable upper stage for
sounding rockets.
The Mobile Rocket Base (MORABA), based in Oberpfaffenhofen is a department of the Space
Operations and Astronaut Training of the German Aerospace Center. The name tag "mobile" is
derived from the ability to theoretically launch sounding rockets anywhere on the earth. There-
fore, the first mobile campaign was launched in Greece in May 1966. Since then almost 500
campaigns have been launched all around the world. Besides NASA, MORABA is the only
institution in the western hemisphere that is capable of launching high altitude research mission
anywhere in the world [4].
There are several types of thrust controllable engines using different propellants. Due to the
demanded for simple handling, any cryogenic propellant constellation is considered unattract-
ive. Because of the size and mass of a hybrid, a single propellant system is favoured and due
to their toxic porperties monergolic catalytic propellants are not pursued any further. Finally
this leads to a gelled propellant which is decomposed thermically in the burning chamber. The
gelled propellant has the advantage to be easy in handling, no toxicity and it is a single propel-
lant/oxidator material combination [5]. The gel is to be stored in a tank and fed into the burning
chamber. Due to their complexity and the properties of the gel, turbopumps are not considered.
Therefore the tank needs to offer the function to feed the propellant out of the tank and into the
engine for example through pressure feeding. There are several technical solutions to do so and
they will be discussed further on.
2 1 Introduction
The aim of this thesis is to define a concept and design for the mentioned propellant tank system.
The tank will have the function to store the propellant, to feed it into the piping system leading
to the engine and it has to withstand structural loads of the rocket since it will be part of the
primary vehicle structure. The use of gelled propellants is comparably new in rocketry and
therefore no applications are known. Besides some demonstrators for missile applications,
gelled propellants have not been used in sounding rockets yet. Therefore no existing optimised
tanks for flight hardware are available.
For a beginning a short glance of the history of sounding rockets and propellant tank design
as well as some differences and difficulties regarding several types of propellant is given. Fol-
lowing this, a concept for the tank will be elaborated and subsequently evaluated. All relev-
ant aspects for function and structure are specified and discussed as well as some preliminary
calculations are given. From the discussed options a suitable concept is derived leading to a
computer-aided design (CAD) model that will be used for the following finite element method
(FEM) simulations. The design is analysed in the FEM simulations, adapted if necessary and
finalised into a high fidelity CAD-model. Finally options for further improvement of the tank
and the scalability of the structure will be discussed. This thesis aims to provide a detailed
design solution that is ready for manufacturing the first prototype for subsequent validation.
2 State of the Art
2.1 The Principle and a brief History of Rocketry and sounding Rockets
The beginnings of rocketry are dated back to the ancient Chinese, who supposedly accident-
ally discovered the principle of propulsion. According to early records bamboo, tubes were
filled with black powder to be thrown on bonfires in order to create explosions for festivals
and ceremonies, where some that failed to explode shot out of the fire [2]. Thereafter, rock-
ets were steadily developed in alternating paces throughout history. Ranging back to medieval
times, rockets were used for several military purposes [1]. Different types of fuels have been
researched including liquid fuels with the first launch in 1926 [2]. Whereas military develop-
ment dominated the rocket research for many years, especially during war times, the civil usage
slowly began when captured German V-2 rockets were tested and equipped with scientific in-
strumentation of research institutions and universities in the United States in around 1947 [2].
By means of sounding rockets it was first possible to conduct atmospheric research that has
not been possible before. Although until the mid-1950s, rocket development was still mainly
targeted on military applications, in 1957 and 1958 during the International Geophysical Year
a definite breakthrough for the use of rocket technology for civilian purposes happened [1]. As
a response to this, around 200 sounding rockets were launched using former military versions
with little modifications [1].
Fig. 2.1: MAXUS 9 sounding rocket successfully launched on Esrange Space Center in northern
Sweden [6]
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The payloads ranged from 4 kg for flights up to an altitude 185 km using the Canadian Black
Brant 4A motor to around 200 kg at 220 km apogee with the French Veronique 61M [1]. In the
following times the rockets developed gradually. The rocket motors used by DLR’s MORABA
are partly based on military surplus motors and are adapted for civil use and converted into
sounding rockets. With motors available, lots of effort was put into development of the rockets
themselves including payload subsystems like the recovery module, the service module provid-
ing the electrical and control support, the experimental sections and many more. Figure 2.2
shows an overview on the rockets that are used as well as in development at MORABA.
Fig. 2.2: Overview on sounding rockets operated or in development at MORABA [4]
2.1.1 Principle and scientific Features of sounding Rockets
A broad description of the principle and technical features of sounding rockets is shown in this
abstract. According to SEIBERT [1] a sounding rocket is a vehicle launched into the upper
atmosphere to reach altitudes from 40 to 2000 km. Although for altitudes of roughly over
200 km satellites can be used, some sounding rockets exceed this height by far [1]. Especially
for altitudes from 70-200 km sounding rockets are the preferred option to take measurements
since balloon-borne measurements are limited to ceiling heights of less than 40 km and satellites
would be found in orbits above that altitude [1]. A visual comparison between the different
altitude regions and the corresponding means of measurement is shown in figure 2.3.
Sounding rockets usually consist of one or more stages that are accelerated by liquid or solid
rocket motors [1]. Because of the high complexity and therefore difficult handling as well as
the high price of liquid fuel engines MORABA commonly uses solid fuel motors. Although
the clear disadvantage of solid fuels is the missing option to throttle the thrust in flight, some
missions would make great use of an extended operating time in a specific altitude, therefore
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Fig. 2.3: Altitude levels of different research means [7]
the demand for thrust controllable engines is present. The scientific experiments carried out by
sounding rockets have a broad spectrum of scientific background. Concerning in-situ studies,
studies that can only be conducted at a certain location like certain environmental measure-
ments, it can be divided into upper atmosphere and ionosphere measurements. For the upper
atmosphere for example winds, pressure, temperature, turbulence and chemical composition can
be examined. In the ionosphere features such as electric currents, magnetic-field disturbances,
propagation of radio waves and etc. can be investigated [1]. A different field of research per-
formed with sounding rockets is microgravity experimentation of various disciplines. Sounding
rockets are used as experiment platforms for short term µg-research, providing up to 12 minutes
of acceleration levels of less than 1/10000 g with the MAXUS programme of which the start is
shown in 2.1 [1]. The microgravity phase typically begins after the motor has burned-out, the
upper stage has been de-spun, all residual rates have been eliminated and the atmospheric forces
have diminished. This flight phase continues to the apogee of the flight and beginning of the
descent. During the descent, the µg-conditions are present until drag forces of the atmosphere
increase to such levels that microgravity conditions no longer exist [1].
2.2 Propellant Types and Propellant Feed Systems
2.2.1 Propellant Types
There are many different types of rocket engines on the market and in research with thrust
levels ranging from a few µN to a couple of million Newtons. To achieve this high versatility it
is obvious that several different technologies are needed [1]. Rocket propellants can be divided
in categories based on their properties as shown in figure 2.4.
In the following, the focus is set on chemical propulsion methods since the used gelled propel-
lant belongs to that category. Additionally, the other categories are mostly used and developed
for deep space travel or attitude control, therefore, they are not discussed further here.
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Fig. 2.4: Classification of propellant types [3]
The first type of rocket propellant, already used in ancient china is of solid nature. Back then
usually a mixture of black powder was used which was easy to handle and relatively safe to
process [2]. Nowadays many different chemical combinations are used for solid rocket propel-
lants. Whereas black powder has a comparably small specific impulse, mixtures with Hydroxyl-
terminated polybutadiene (HTPB) have some of the highest specific impulses Isp of around 300 s
for typical solid rocket propellants [3]. The main advantage for solid rocket propellants is that
they can be stored for very long times before degradation weakens the chemical composition.
As the propellant cured inside the combustion chamber, no additional feed systems, storage
tanks, injectors are necessary. This makes solid rocket propellants easy to handle, and very
reliable. Depending on the geometry formed by the cured propellant, the thrust can be tailored.
Besides this, the thrust to structure mass ratio of solid rocket motors is very high since the ne-
cessary structure is low in comparison to liquid propellant engines. The main disadvantage of
solid rocket motors is the difficulty of direct throttling.
However, there are ways to throttle a solid rocket booster to some extend. Since the nozzle
area correlates with the combustion chamber pressure and the thrust, an adapted nozzle can be
applied to alternate the pressure and therefore thrust. The nozzle area could be manipulated by
a pintle moving in and out of the throat to increase or decrease the throat area. The mentioned
option is at this time still in prototype stage and not yet ready for implementation [3]. Never-
theless it can be concluded that there is no option to simply throttle solid rocket motors during
flight.
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Therefore, liquid propellants offer an alternative. This propellant type typically consists of
one or two liquids that are injected under high pressure into the combustion chamber. In the
combustion chamber these liquids either react with each other thermally or they are actively
ignited. Typically liquid propellants achieve higher Isp ratings than solid propellants however,
the range of liquid propellant and combinations is big. The downside of these propellants is that
they need to be fed into the combustion chamber. Therefore, powerful pumps or other means of
feeding and pressurisation are needed. This can drive up the structure mass of liquid propellant
applications.
A compromise could be hybrid rocket engines. Hybrids consist out of a solid fuel and liquid
oxidiser. The oxidiser is carried in an extra tank and is fed into the combustion chamber. The
solid propellant is already cast and cured in the chamber, like it is done for solid rocket motors.
The advantage is an option to throttle, varying the oxidiser flow.
However, another alternative to hybrid motors are gelled propellants. Gelled propellant engines
can also be throttled and shut-off like liquid engines and they can provide long burning times.
Additionally, the propellants are capable of long time storage and provide an easy handling [8].
According to K. W. NAUMANN [8] gelled propellants perform better than solid or liquid rock-
ets in terms of safety, especially due the insensitivity of the propellants themselves since they
are no explosives. Also there is no spillage in case of tank leakage and they offer a low evapor-
ation rate. Additional gelled propellants can be suspended with solid particles that increase the
Isp without the risk of sedimentation during long storage times [8]. Therefore gelled propellants
offer a great compromise between solid and liquid rocket fuels.
2.2.2 Propellant Feed Systems
The propellant feed system has two main functions. One is to deliver the propellant at the
engine and the other is to pressurise it to the needed pressure level for the combustion chamber
[9]. The energy to power these functions comes from centrifugal pumps or high pressure gas.
A combination of both is possible as well [9]. The choice for the feed system is primarily
based on the on the intended application of the rocket and further requirements. Therefore, it
is fundamental to define and test the propellant for the ability to be pumped by rotating pumps
or if it needs to be pressure fed with a piston or bladder. Also it needs to be defined how long
the engines should run, the longer they run, the more high pressure gas needs to be stored on
board or a rotating pump system has to be installed. The following list is according to GEORGE
P. SUTTON [9]:
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• Duration,
• number or type of thrust chambers,
• past experience,
• mission,
• requirements of simplicity,
• requirements of design,
• ease of manufacture,
• low cost and
• minimum inert mass
Figure 2.5 shows a diagram of propellant feed design options for liquid rocket engines according
to GEORGE P. SUTTON [9]. The turbopump systems are very complex and offer great varieties
however, the diagram is shortened to set the focus on pressurised feeds.
Fig. 2.5: Design options of feed systems for liquid propellant rockets [9]
Generally with a thrust to weight ratio of less than 0.6, for short burning times and a low mass of
propellant, a pressure feed system gives a superior performance to turbopump systems [9]. Tur-
bopump systems however, give superior performance when the chamber pressure gets higher
and the total impulse larger. The total impulse can for example be raised by extending burning
time of the engine. For turbopump systems, high pressurised tanks are not necessary therefore,
the mass of such can be reduced significantly compared to pressure fed system tanks (see 2.3.1).
The feed system, especially the the pressurised one, can be designed very simple or complex
depending on the purpose of the mission. If reusability or a manned mission is required, re-
dundancies and safety features can drive the design very complex [9]. Figure 2.6 shows an
example for a pressure fed rocket engine with monopropellant and bipropellant systems.
2.3 Tank Systems and Types of Pressure Vessels 9
Fig. 2.6: Pressure feed systems for a monopropellant and bipropellant example [10]
2.3 Tank Systems and Types of Pressure Vessels
2.3.1 Tank Systems
With the choice of the propellant type comes the requirement for the tank systems. Whereas
solid propellants do not need a tank but are stored in the burning chamber itself, all kinds
of liquid and gaseous fuels need a storage containment. Nearly all types of containers are in
some way pressure tanks, whether it is a high pressure gas tank or a lower pressure cryogenic
tank. Due to the low density of uncompressed gas, it is often stored under very high pressure,
requiring strong and often heavy pressure tanks, or liquefied and stored in specific cryogenic
tanks. These tanks need to be insulated to hold the cryogenic fluid. At sea level pressure
liquid hydrogen has a temperature of of -253°C. Pressurised however, the boiling temperature
of liquids can be raised. Therefore, cryogenic tanks are also designed to withstand a certain
pressure. Short before the launch these tanks can then be filled up and pressurised, raising the
boiling point and enabling the liquid to absorb some entering heat prior to launch [9]. Cryogenic
tanks however, are very complex with regards to the insulation. For liquid hydrogen storage,
the temperature is so low, that air can liquefy and even solidify on the tank wall. Also water ice
is formed that increases the take off mass and can cause a hazard for the rocket when breaking
off and hitting vital elements during ascent [9].
GEORGE P. SUTTON [9] names three categories of tanks in liquid propellant systems shown in
table 2.1:
A pressurised feed system however, also needs provide the energy for the high pressure as
described in 2.2.2. For this system a common way is to use high pressured gas. Therefore, a
high pressure gas vessel has to be carried along with the propellant tank as shown in figure 2.6.
Both tanks will need relatively strong walls to withstand the internal pressure and usually these
tanks will constitute the major part of the inert mass [9].
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Table 2.1: Typical pressure ranges of tanks in liquid propellant propulsion systems [9]
Feed type Pressure range
[N/mm²]
pressurised feed 1.3 - 9
high pressure gas 6.9 - 69
turbopump feed 0.07 - 0.34
2.3.2 Types of pressure Vessels
Pressure vessels are "carefully fabricated, enclosed containers designed for the purpose of hold-
ing either gases or liquids at a significantly different pressure than the surrounding air pressure"
[11]. In theory a pressure vessel can take any shape that contains and closes a certain volume.
The most common shapes however are cylinders and spheres due to their optimised design con-
cerning internal pressure [11]. Common pressure vessels are classified as type I to type V as
shown in table 2.2.
Table 2.2: Types of pressure vessels according to the common classification [12],[13]
Type Liner Overwrap
I Steel -
II Steel/Aluminium fiber glass in hoop direction
III Aluminium full composite overwerap
IV Polymer full composite overwerap
V - full composite overwerap
3 Concept of the Gel Tank Structure
This chapter presents the basic gel tank design and the discussion of relevant properties and
features of the structure. A detailed analysis of different concepts is presented with the focus
on one winning design which is further elaborated in the finite element method simulations
discussed in the chapter 4. This chapter investigates the different options of material and the
resulting wall thicknesses in a qualitative manner, the different designs of tank bottoms, the
options for feeding systems as well as interfaces to external devices or flanges for opening.
First, the general vehicle design is described.
3.1 General Vehicle Design
The current vehice concept consists of an Improved Malemute booster stage and the new gel-
engine upper stage. With an acceleration of approximately 20 g, the booster will burn for a few
seconds and accelerate the upper stage to the desired altitude level of around 80 km. During the
ascent the vehicle will spin up in order to reduce dispersion. After the booster burn phase and the
following coast phase without propulsion up to around 60 km, the yo-yo de-spin is performed
to reduce the vehicle’s spin from approximately 2.7 Hz to nearly zero. Stage separation will
follow afterwards and prepare the upper stage. The overall design is shown in figure 3.1.
Upper stage Boost stage
- Improved Malemute
Stage separationGel tank
Fig. 3.1: Overview of the complete vehicle
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3.2 Loads and Key Design Requirements
There are many different loads and load cases the structure will have to withstand during its
service time. A differentiation has to be made between loads evoked through operation and
loads that are present in handling and transport. Also the frequency of loads to occur as well as
potential fatigue has to be considered. First the loads of operational use are introduced. Figure
3.2 shows the current design of the upper stage propulsion system including the gel tank and
the already implemented pressure feed gas system. The decision for the gas system as well as
the piston design and other details are explained in the following chapter.
3.2.1 Operational loads
Subsequently the loads of operational use are described. These loads occur during launch pre-
paration, pre-flight checks, flight, re-entry and recovery. Figure 3.3 shows the relevant loads
and influences on the rocket and in particular the tank during flight.
Pressure
The gel cannot be pumped by rotating pumps since it liquefies under high shear stresses and this
will cause an unpredictable feed [8]. A well studied alternative to pumping of propellants is the
pressurised feed. The tank is pressurised and the gel and feed medium are divided from each
other through a membrane. Hence, a very significant load on the tank structure is the internal
pressure. The engine needs up to 8 MPa of maximum operating combustion chamber pressure.
Because of friction and losses in the piping and valves, the pressure in the tank has to be higher
than in the combustion chamber. Also, to prevent a backflow from the burning chamber into the
tank, a pressure difference is necessary. According to an DLR internal definition, the pressure
difference between the tank and engine has to be 1.5:1. This means the tank has to endure 1.5
times the pressure of the engine resulting in a maximum value of 12 MPa. The gel propellant
upper stage will be operated at different altitude levels, therefore the external pressure can get
very low which, theoretically in the end leads to roughly 12.1 MPa of pressure difference the
tank has to withstand. Nevertheless the change of external pressure is negligible in comparison
to the internal pressure. The internal pressure will result in a circumferential and axial load on
the tank structure.
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High-pressure 
nitrogen storage 
Gel-engine 
Gel-tank 
Pressure reducer 
and valves 
Engine thustframe 
Thrust-vector assembly 
Fig. 3.2: View on the upper stage propulsion system
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Inertia loads
Internal pressure
Aerodynamical loads
Thermal load
Fig. 3.3: Relevant loads on the tank structure
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Inertia Loads
The engine thrust causes the additional axial loads on the tank during the boost phase. Whereas
the gel engine thrust is comparably low, the thrust of the booster with an acceleration of around
20 g is very high. The boost phase of the flight induces the highest additional axial loads besides
the internal pressure. The mass of the upper stage above the tank is roughly 205 kg. With an
acceleration of 20 g the tank is exposed to a force resulting from the inertia of the upper stage
modules and the local atmospheric condition [14]. In table 3.3 the resulting total axial and
transversal loads are shown.
Aerodynamic loads
The aerodynamic loads during ascent are calculated by MORABA and are based on geometry
masses of the vehicle, the flight envelope and the booster characteristics [14]. The tank structure
can face aerodynamic lift loads for certain angles of attack. However, only the flange connect-
ing both halves of the structure and reaching outwards around 50 mm is affected directly by the
streamline air flow. Since there is very little air stream opposing structure the direct aerody-
namical loads can be neglected. Nevertheless the aerodynamical drag and lift resulting out of
the nosecone area and the payload provoke loads on the structure. These loads cause a linear
force, a transverse force and a bending moment as seen in table 3.3. Additionally to the axial
and transversal forces, the structure has to withstand bending resulting from a lever arm to the
aerodynamic loads on the rocket as a whole. Since the final length of the upper stage is not yet
defined, it is difficult to precisely predict the resulting bending moments. However, conservative
calculations are made by MORABA, shown in table 3.3. The bending moment is an alternating
load but since the booster phase, which is the driving factor for the flight loads, is very short,
there are no concerns regarding fatigue.
Torsional Moment
Since the vehicle is spun up to reduce the impact of thrust misalignments and asymmetries, there
is a torsional moment during the early flight phase. The torsional moment is present during the
start when the vehicle is spun up and during the de-spin. In order to perform experiments that
often require micro gravity, the spin needs to be taken out. The de-spin is performed with
a yo-yo system, two masses on strings that are released and compensate the rocket’s angular
momentum. Through the extension of the wires and the preservation of momentum, the rocket
is de-spun. On a similar vehicle with a similar mass this was performed in 1.2 seconds from 2.7
Hz to zero. This results in a torque of 455 Nm. The torsional moment however is dependent
on the mass and the rotational moment of inertia. In order to estimate the torsional moment it
can be stated that its maximum cannot be higher than the torque of the de-spin. Therefore the
torsional moment is set to 455 Nm in order to show the worst case. Seen over the diameter of
the structure, the shear stress results in only around 1.4 N/mm².
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Thermal Load
Heat contribution and temperature of the material can become a critical element when it comes
to the structural integrity of the tank. Therefore heat transfer into the tank during atmospheric
ascent has to be analysed carefully. The tank is in line of the rocket structure so heating will not
be as high as on the nose cone for example but from measurements it is known, that the tem-
perature of the service system which is also inline with the vehicle can reach to temperatures of
160 degrees Celsius on the outside. Therefore and considering that possibly a flange is extended
outward from the structure directly into the airflow, the temperature rise can be significant. On
the other hand, when the tank is filled with propellant there will be a mass of 100 kg that can
contribute a lot to cooling down the structure due to its heat capacity. Although the gel might
have a cooling effect, the temperature effect on the gel itself can be critical. At around a hun-
dred degrees Celsius the gel will start to disintegrate and it can create an explosion critical state
according the project partners. However, the thermal simulations is not subject of this thesis,
therefore a thermal isolation layer is strongly recommended until proven otherwise.
Fatigue
The booster stage and the gel engine induce certain vibration loads on the structure during the
burn phase. However, the burn times are short and the amplitudes are low that neither low cycle
fatigue nor high cycle fatigue are analysed in this thesis. Nevertheless, vibration tests will be
executed as part of the test campaign for the tank.
3.2.2 Handling Loads
Handling loads can be critical depending on the application. E.g. for satellite layout the loads
of transporting and handling have a significant influence on the spacecraft and need to be taken
into account since they can be much higher than some loads during operation. Although the
tank structure is not as filigree as some satellite structures, there might be some loads on the
structure resulting out of transportation that should be considered. These loads will mainly
consist of shaking, where for example it could be necessary to fix any moving parts in the
structure like a piston for example. Another load will be the mass of the tank structure itself
under present gravity, meaning it has to endure its own weight in every different position since
it will be standing up during the flight and the procedure before and with a high probability
will be lying after landing. However, if the tank can withstand the forces during flight, it can
also support its own weight. Therefore, in comparison to the actual flight loads and the internal
pressure these loads are to be neglected.
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3.2.3 Conclusion of applicable Loads and Load Cases
Table 3.1 presents an overview of all loads on the gel tank. In this table the loads are divided
into different flight or handling phases, starting with the handling phase without pressure and
propellant, to the flight phase when the tank is filled and pressurised until the re-entry, landing
and recovery phase. For each phase the corresponding loads are presented. The most loads
occur simultaneously during the phase of the booster burn.
Table 3.1: Loads on the tank structure
Loads
transversal axial bending
moment
torsional
moment
pressure thermal
Ground test weight
of
payload
internal
pressure
Booster
flight
aerodynamic inertia,
aerody-
namic
aerodynamic inertia internal
pressure
friction
heat
Upper
stage flight
inertia internal
pressure
Re-entry inertia,
aerody-
namic
inertia,
aerody-
namic
inertia,
aerody-
namic
friction
heat
Recovery inertia inertia inertia
Although the ascent during booster burn might seem like the worst case condition, single loads
can act compensating to each other. This means that the internal pressure will create some
tensile stresses in the structure whereas the thrust and the inertial forces of the upper part will
induce some compressive stresses. This combination is relieving. Therefore, the single not-
relieving loads are put together for a worst case consideration and design of the structure. Table
3.2 shows which loads will create tensile and which will provoke compressive stresses. The
maximum of each load is presented in table 3.3.
The dimensioning load cases without compensation can be derived from this table. For max-
imum tensile stresses the pressurised tank under bending loads and for maximum compressive
stresses the depressurised tank with aerodynamic and inertial forces has to be considered. In
order to also validate any twisting, shear stresses are added to the load case for maximum tensile
stress during evaluation since this will be the more critical case.
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Table 3.2: Overview of loads and corresponding stresses
Load Tensile Compressive Shear
internal pressure x - -
axial force - x -
transversal force - - x
bending moment x x -
torsional moment - - x
Table 3.3: Loads on the tank structure
Load Value Unit
internal pressure 12 N/mm²
axial force 40732 N
transversal force 8635 N
bending moment 26412 Nm
torsional moment 455 Nm
3.2.4 Key Design Requirements
The most important design requirements are the fixed outside diameter of 438 mm and the
volume for 100 kg of propellant. The constraint on the external diameter refers to the re-use of
existing subsystems and modules for this vehicle. The mass of 100 kg of propellant was defined
by trajectory simulations conducted in previous works at MORABA [7]. The propellant mass
with a density of 1.3 kg/dm³ leads to a volume of 77 liters. Also since the tank will be a part of
the primary structure of the vehicle the interface to other modules is of importance. Therefore
it has to be designed with so called radax connections on the top and bottom. Radax joints
are joint types for bolting different sections of the rocket together. The speciality about these
connections is, that the screw heads are incorporated such that they are not as much exposed to
the air stream as it would be in other types of radial connections. This is done by countersinking
the screws and using a defined angle as it can be seen in 3.4. A Radax connection is shown in
figure 3.4. Further on it is necessary to differentiate between a prototype model and a small
series version. Since this is the first design of the tank structure and it has not been built before,
some extra features are to be implemented to provide for minor adaptations once it has already
been built. These features are mainly flanges and adapter plates. To provide options for different
connections and interfaces for gas and gel, adapter plates have to be included in the top and in
the bottom.
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Fig. 3.4: A typical Radax joint
These should consist of simple plates that can easily be replaced and which are screwed as well
as sealed. This gives the opportunity to open up the tank for inspection. In the following list all
required features are named.
• Fixed outside diameter of 438 mm,
• volume for 100 kg of gel propellant,
• Radax joint on top and bottom,
• man holes including flat covers on top and bottom ,
• flanges for the adapters on top and bottom
3.3 Relevant Technical Standards for Aerospace Engineering
Standards are some key factors when it comes to engineering the use of standards gives safety
to the designer, providing a guideline on how to layout and on where safety margins are needed
for an adequate level of reliability. Although this gel tank is a prototype and for the moment
presents a feasibility study, the relevant standards are outlined. They can be divided into tech-
nical standards for specific design and size of mechanical parts and some that present necessary
factors of safety. The specific standards for example for the design of cylindrical shaped struc-
tures under internal pressure are described in the according sections. The focus lies on determ-
ining the necessary factors of safety for the structure. For aerospace applications the European
Cooperation for Space Standardization (ECSS) provides the relevant development guidelines.
The structural design and verification of pressurised hardware [15] has to be taken for guidelines
for pressurised hardware. This standard presents definitions and necessary factors of safety for
pressurised structures. Besides that, another ECSS guideline exists, providing guidelines for
factors of safety for general loads for spaceflight hardware. At first, it has to be defined as what
the gel tank can be considered. The ECSS differentiates pressurised hardware between "pressure
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vessels", "pressurised structures", "pressure components" and "special pressurised equipment".
Although the ECSS mentions four different categories, the "special pressurised equipment" is
excluded and not mentioned further. In the following figure 3.5 the three remaining types are
specified in more detail.
Pressure
Components
Part of a Pressurised
System?
Designed to store
fluid?
Designed for vehicle
structural loads?
All Pressurised
Hardware
Pressurised
Structure
Pressure
Vessel (1)
Contains gas or
liquid with energy
level?
Contains gas or
liquid with
pressure level?
Contains gas or
liquid that can
create a hazard if
released?
Pressure
Components
Pressure
Vessel (1)
Pressure
Vessel (1)
Pressure
Vessel (1)
No
No
Yes
No
No
No
No
Yes
Yes
Yes
Yes
Yes
Fig. 3.5: Classification of pressurised hardware [15]
According to chart 3.5, the relevant pressure type definition for the tank is a pressurised structure
since it will have to carry internal pressure as well as structural loads of the rocket. Page 34
of [15] explains the required factors of safety for internal pressure. The question which factor
should be applied is not trivial. Since the sounding rocket is an unmanned vehicle, the factors
of safety for unmanned missions should be taken into consideration. Although, when the rocket
is getting ready for launch, mounted on the launch rail, it needs to be possible to encounter the
potentially pressurised tank. In the moment when somebody approaches the rocket it cannot be
considered unmanned any more. To have the flexibility of pressurising the tank before launch
and to have a certain factor of safety for ground operations a different factor is chosen. Table
3.4 shows the safety factors on internal pressure according to the ECSS [15]:
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Table 3.4: Factors of safety for internal pressure
mission type FOSY FOSU
unmanned 1.1 1.25
manned 1.1 1.4
Here FOSY is the "Factor Of Safety Yield" and FOSU is the "Factor Of Safety Ultimate". It
should be noted here that these factors are a recommended minimum. Therefore considering
the previously mentioned aspects the factor of safety ultimate for ground operations is set to 1.5
and the factor for yield during ground operations is set to 1.25 by determination of MORABA.
During the flight when no human is close to the rocket and several other loads apply (see sub-
section ??) the necessary factors of safety are lowered. The factor of safety ultimate is set to
1.25 and the factor for yield during flight to 1.1 as they are stated in the ECSS [15]. Table 3.5
shows the applied factors for the corresponding flight phases.
Table 3.5: Applied factors of safety for internal pressure
mission phase FOSY FOSU
on ground 1.25 1.5
in flight 1.1 1.25
The other applicable loads during flight are covered in the ECSS of Structural factors of safety
for spaceflight hardware. The required minimum factors of safety for metallic parts of launch
vehicles are set to 1.1 for FOSY and 1.25 for FOSU. This however implies that a physical testing
has to be conducted. Without testing, based on analysis only the factors are higher. Since the
tank will be physically tested anyway, these lower factors can be applied. For designing, a
common design logic is presented in the following figure 3.6.
This design logic includes the factors of safety with other design factors and combines them to
load factors. Using these load factors and the loads, the layout calculations can be performed,
avoiding iterative designing to meet certain factors. As it can be seen in the schematic in figure
3.6, it starts with the Limit Loads, the expected maximum loads that the structure could ever
face. The limit loads are multiplied by coefficient A to receive the Design Limit Loads (DLL).
The Design Limit Loads can be multiplied with coefficient B to receive the Design Yield Load
(DYL) or it can be multiplied with coefficient C to gain the Design Ultimate Load (DUL).
Coe f .A= KP ·KM (3.1)
Coe f .B= FOSY ·KMP ·KLD (3.2)
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Coe f .C = FOSU ·KMP ·KLD (3.3)
Design Limit Loads 
DLL
Limit Loads - LL
DYL
DUL
x Coef. A
x Coef. Cx Coef. B
Fig. 3.6: Common design logic [16]
The additional factors are design factors given by the ECSS. Factor KP is the so called project
factor. The project factor describes the maturity of design and can be used to provide some
margin in case the design will change slightly later to cover it. Therefore a value of 1.0 for
this factor means that no changes in the design or load are expected. This factor is set to 1.0
because the needed combustion chamber pressure is fix and therefore also the corresponding
tank pressure. The model factor KM describes the uncertainties of the mathematical model.
The value can be decreased if satisfactory correlations between mathematical models and test
results can be shown. Since the tank will be a prototype and tested thoroughly the factor is set
to 1.0 as well. If the tests prove the calculations to be wrong, the design will have to be worked
over. However, the tank needs to be tested as whole therefore no tests are conducted before.
The remaining factors KMP and KLD, the local design factor and the margin policy factor are
also set to 1.0 each. Since there is no experience in designing propellant tanks, a margin policy
does not exist and also no major changes that would justify a design factor are foreseeable.
In order to start the design process reasonable load cases have to be generated for layout calcu-
lations. Table 3.6 shows the different loads that have been described before in comparison and
multiplied by the corresponding load factors. These loads are then applied on the structure to be
compared to each other. The highest loads are then used to calculate the thicknesses. Finally all
loads are tested in the final design, with or without the load factors depending on the load itself.
The chosen cases according to table 3.1 are the ground case with the load factor of the internal
pressure of 1.5 and the flight case. For the flight case the internal pressure and bending moment
are multiplied by 1.25 since they are the defining forces for tensile stresses 3.2. To compare the
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loads and calculate the corresponding tensile stresses a reference structure is needed. Therefore
a cylinder with 10 mm wall thickness and an outside diameter of 438 mm is taken. This is
suitable since the cylindrical part will face all the applied loads in comparison to the bottoms
that just face some loads like the internal pressure and inertia of propellant.
The formula used for axial stress resulting out of internal pressure is simply force over area, see
3.4.
σp =
F
Ae−Ai (3.4)
F = P ·Ai (3.5)
A=
D
2
2
∗pi (3.6)
With an explanation for F and for the needed area of the wall A this leads to 3.7. Therefore the
force created by the pressure and the resulting stress of this force in the structure are calculated.
This is combined in formula 3.7.
σp = P · AiAe−Ai = P ·
D2i
D2e−D2i
(3.7)
A reference tensile stress of 183.71 N/mm² for the internal pressure with 18 N/mm² is obtained
this way. The maximum stress in the edge fibre induced by the bending moment is calculated
according to the following [17]. To do so, the section modulus for a hollow cylinder is calculated
[18]. The section modulus is calculated according to equation 3.8 to Wb=1406644 mm4. The
stresses resulting out of the bending moment are calculated with the following general formula
for bending stress 3.9.
Wb =
pi
32
· D
4
e−D4i
De
(3.8)
σb =
Mb
Wb
(3.9)
The bending stress is finally calculated to 23.47 N/mm². The mentioned relevant loads and the
corresponding tensile stresses are shown in table 3.6. The tensile stress of the internal load in the
ground case with a load factor of 1.5 exceeds the other combined flight loads by 7.15 N/mm²
concerning stresses in axial direction. Circumferential stresses of the internal stress however
lead to more than double the axial stress. Therefore, the internal pressure is the driving load,
following calculations for the structure are performed with an internal pressure of 18 N/mm²
and tested for resulting factors of safety in the flight case afterwards.
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Table 3.6: Loads and relating load factors as comparison based on the 10 mm cylinder walls
Load Load Factor resulting Load Reference Stress Direction
On ground
internal pressure 1.5 18 N/mm² 183.71 N/mm² axial
internal pressure 1.5 18 N/mm² 394.2 N/mm² circumferential
In flight
internal pressure 1.25 15 N/mm² 153.09 N/mm² axial
bending moment 1.25 33015.09 Nm 23.47 N/mm² axial
inertia of fuel 1.25 24525 N 0.18 N/mm² axial
3.4 Concept Development
This section describes the concept elaboration for the gel tank system. Based on VDI 2221
[19] the requirements are stated first. The concept is defined afterwards and is divided into
subcategories that are to be analysed each. For each subcategory one or more possible solutions
are given and later analysed in section 4.
3.4.1 Requirements
The main function of the tank system is to store the gelled propellant, to pressurise it and to
feed it to the engine. Table 3.4.1 lists the demands (D) and the wishes (W) for the system.
Table 3.7: Requirements according to VDI 2221 [19]
List of requirements
Geometry
D The outside diameter is set to 438 mm
D An option to open the tank for possible maintenance has to be included
D A removable adapter plate on the top and bottom has to be included for mounting of
connections and interfaces
W The choice for the bottoms should be a compromise of stress handling, mass and phys-
ical volume
D Radax joints have to be included in the top and bottom side of the structure
Kinematic
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D The internal propellant feed system has to be able to feed the propellant to the engine
with the defined pressure at any attitude
Forces
D The structure has to withstand the mentioned forces of subsection 3.2.3 without failure
D The structure has to withstand the mentioned forces of subsection 3.2.3 without deform-
ation that is beyond the seal’s specifications
Mass
D The mass has to be as low as possible
Safety
W It should not leak more than one liter per hour when under pressure
D The minimum factor of safety against rupture is 1.5 when handling on ground
D The minimum factor of safety against yield strength is 1.25 when handling on ground
D The minimum factor of safety against rupture is 1.25 in flight
D The minimum factor of safety against yield strength is 1.1 in flight
D A mechanism to avoid overpressure has to be included
Materials
D The inner tank walls must not get warmer than 100°C
D Material compatibility of structure and seals to the propellant has to be proven
D Roughness of metallic parts in contact with seals has to be within the specifications of
the seal
Ergonomy
D The propellant has to be fed at a maximum rate of 2 liters per second
Assembly
D The assembly and disassembly should be without destruction of the main structure
W The assembly should be as easy as possible
Usage
W The structure should be used multiple times
Maintenance
W The tank structure should not need any maintenance
Price
W The costs should be kept low
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The requirements of the concept can be broken down in parts to be further analysed. The
following aspects will be analysed in detail:
• Choice of material and corresponding wall thickness
• Design of bottoms
• Principle of propellant feeding
• Empowering the propellant feeding
• Additional customizations
The design approach compares the critical load cases and use the worst case in order to design
the tank. After the verification of the obtained structure, all load cases are applied and tested
for margins of safety to the used material.
3.4.2 Choice of Material and corresponding Wall Thickness
The choice of material is a very important decision for the layout. It is connected to a couple of
requirements as e.g. strength, density and stiffness. The material choice is based on:
• strength
• density
• stiffness
• availability
• price
• complexiticity of engineering
• complexiticity of manufacturing
The aim is to find a material with a high material strength and low density resulting in a high
specific strength in order to reduce as much mass as possible. Additionally the stiffness, avail-
ability and price should be reasonable as well as the engineering and manufacturing for the tank
as simple as possible. Between these aspects a tradeoff has to be made in order to find the most
suited material for this project. On one hand it should be as light as possible but also as strong as
possible. This would potentially lead to fiber enforced materials like carbon fiber for example.
Although it has a very high specific strength, carbon fibre is more complicated to design, since
it needs precise positioning of the fibres, evenly distributed resin in a well defined fibre/resin
ratio. According to MORABA philosophy of simple manufacturing, any fibre material is ex-
cluded. This leads to metallic materials that can be machined at the commonly collaborating
machine shops. Table 3.8 shows the properties of three representative metallic materials. A rep-
resentative alloy of each type is chosen. For Aluminium the alloy of choice is EN AW-7075 as
it is commonly used in aerospace applications and is in the top range of strength for Aluminium
alloys [20]. For Steel the W720 alloy is chosen, since it is used for highest strength applications
and therefore has a good specific strength. It is a special maraging steel alloy combining a high
strength with great ductility [21]. At last, one alloy for Titanium is chosen, the widely used
Ti6Al4V [22]. These three are chosen because they represent a good spectrum of different style
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metallic materials. Aluminium is very commonly used in lightweight applications, Titan also
although it has an even higher specific strength than Aluminium and the W720 steel as compar-
ison since it has a much higher strength than both of the other alloys. A typical pressure tank
steel is not used since the strengths of these steels are below the chosen materials.
Table 3.8: Choice of material
Alloy Ult. strength Yield strength Density Young’s mod. Spec. strength
[N/mm²] [N/mm²] [g/dm³] [N/mm²] [kNm/kg]
EN AW7075 482 413 2.8 71,000 172
W720 1860 1815 8.2 210,000 227
Ti6Al4V 895 828 4.45 114,000 201
These values are used for all following calculations. In order to calculate the wall thickness for
the cylindrical part of tank the technical standard DIN EN 13445-3 is considered [23]. With help
of the formula 3.10 for cylindrical shells the wall thicknesses of the cylindrical part and with
the help of equation 3.11 the corresponding mass for each of the three materials are calculated.
The applied pressure is the internal pressure with a value of 18 N/mm² including the mentioned
design and safety factors of 1.5 as described in section 3.3. The outside diameter De is 438 mm
as described earlier as well. The factor f represents the maximum stress which is set to the
ultimate strength of each material since the previously described safety factor of 1.5 is against
ultimate stress. Z is the factor for welding which is set to z = 1 since there are no welds. The
length for the mass calculation is set to 1 m as it is not known yet how for example the bottom
shape will be. The results of this calculation are shown in table 3.10
Table 3.9: Used factors
Factor Value Unit
P 18 N/mm²
De 438 mm
z 1 -
L 1 m
e=
P ·De
2f · z+P (3.10)
m= Vρ= ALρ= [(
De
2
)2− (De−2e
2
)2]pi ·Lρ (3.11)
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Obviously the resulting wall thickness for the W720 alloy is the lowest with 2.11 mm, followed
by the thickness for Ti6Al4V with 4.36 mm and lastly EN AW-7075 with 8.18 mm. Taking
the masses into consideration the specific strength already predicts the differences. Therefore
the Steel cylinder is the lowest mass, followed by Titan and Aluminium. However the total
difference in mass is roughly 7 kg between steel and aluminium which is about 25 %.
Table 3.10: Wall thickness and masses for a length of 1 m
Alloy Wall thickness of cylinder Mass of cylinder
[mm] kg
EN AW7075 8.18 30.93
W720 2.11 23.69
Ti6Al4V 4.36 26.43
In order to build the tank different approaches can be pursued. It can be designed as an integ-
ral part, resulting in high material costs but with the possibility of manufacturing of complex
structures. Requests at manufacturers and forges have also shown that it is possible to die forge
a "pot" that could afterwards be milled down. A pot is a cylinder with one bottom where much
less material is wasted compared to a massive block. Alternatively, it is possible to use flat
sheets, bending and welding them together. This however has the disadvantage of calibration
afterwards in case a piston is used to make sure the gap is defined and the roundness is precise
and within the tolerances. Table 3.11 shows advantages and disadvantages of the three different
materials, also in handling and working with the materials in a qualitative manner.
Table 3.11: Qualitative comments on advantages and disadvantages of the material choice
Material Advantages Disadvantages
EN AW7075 cheap lowest specific strength
simple manufacturing low Young’s modulus
no need for welding
W720 highest specific strength highest density
highest Young’s modulus need for welding
Ti6Al4V high specific strength more difficult manufacturing
very expensive
The problem with steel alloys is the significant influence of heat treatment on the strength of the
material. The W720 alloy requires a welding process since the high strength is only achievable
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in thin sheets and not massive blocks. Further study has to be done to evaluate the possibility
to heat treat a "pot" geometry to similar strengths. The flat sheets are also disadvantageous
considering the sphere-shaped bottom since the sheet will have to be reshaped for which a
specialized forming tool would be needed. Hence, any need of welding is considered rather
critical and the preferred process is milling the structure out of a "pot" shape. Considering the
high price of Ti6Al4V for manufacturing and the material itself, the aluminium alloy is the
preferred way to go even though it has the lowest specific strength.
3.4.3 Bottom Design
This subsection deals with the design of the bottoms on both sides of the tank. Various bottom
designs are presented and necessary wall thicknesses calculated. After that, the obtained results
are numerically analysed in section 4.2.2.
The design of bottoms or also referred to as heads is driven by the internal pressure on one
side and the request for low mass and volume on the other side. Four different bottom types
are investigated. The list below shows the type of bottom including the connected technical
standard:
• flat bottom (iteratively designed by testing in ANSYS)
• half-sphere bottom (DIN EN 13445-3)
• Torispherical heads (DIN EN 13445-3 and DIN 28011)
• Ellipsoidal heads (DIN EN 13445-3 and DIN 28013)
The following figure 3.7 shows the shape of these four heads according to the standards.
Fig. 3.7: Comparison of bottoms
Each bottom is calculated by applying corresponding technical standards and afterwards ana-
lysed in detail. The tank design consists of the cylindrical shape of the tank and two bottoms on
the endsto investigate the influences of the y-joint to the attached structure modules one bottom
of the tank is equipped with the specific interface. According to the standard the torispherical
and elliptical bottoms have a clyindrical part before the curvature in the same thickness like the
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curvature itself. This is assumedly to avoid bending moments. Therefore the whole cylindrical
part is designed in the same wall thickness as the bottom to avoid any interferences.
Flat Bottom
The flat bottom is the most basic form of bottom shapes, it is not adapted for pressurised struc-
tures like the other types therefore it is expected to be the most heavy of all options. The
technical standard found for this bottom type is in the section VIII of the American Society of
Mechanical Engineers (ASME). This standard covers fired and unfired pressure vessels. Equa-
tion 3.12 is found to be used for the calculation of flat bottoms to pressurised tanks or pipes
[24].
e= Di
√
CP
Sz
(3.12)
Di is the internal diameter as in the cylindrical structure of 3.9 with the aluminium wall thickness
of 8.18 mm. C is a form factor, set to 1 as well as the weld factor z since no welds are present.
P and S are internal pressure and material strength as in 3.4.2. This leads to a calculated wall
thickness for the flat bottom of 81.48 mm. This is almost ten times the wall thickness of the
cylindrical wall. Calculating the volume of this bottom and multiplying it with the density of
the Aluminium alloy the calculated mass of this bottom reaches 34.38 kg.
Despite the expectation that the flat bottom will be the least suitable for the gel tank, it is still
included as comparison. The thickness mainly results out of the missing ability of this bottom
to properly handle the bending moments. To counter these, an adapted bottom like the half-
sphere bottom could be used. The adapted bottoms for pressurised structures are designed in a
way that a great amount of force will result in tensile stresses instead of bending moments and
therefore bending stresses. Since bending moments are more difficult to counter, the wall of an
adapted structure can be made thinner than on a not adapted one.
3.4.4 Half-Sphere Bottom
The half-sphere bottom induces less bending moments by diverting all loads into tensile stresses
so that no bending moments occur. Therefore the wall thickness can be kept the lowest of all
the bottoms as it can be seen in the comparison 3.12. On the other hand the total volume of this
bottom is much higher than the other ones. The half-sphere bottom is designed according to
DIN EN 13445-3 [23]:
e=
P ·De
4f · z+P . (3.13)
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This equation results out of the formula for shell structures under internal pressure also known
as Barlow’s law. It is extended by the weld factor z and is transformed to be calculated with the
external diameter De. The wall thickness is represented by the variable e, the internal pressure
by P and the material strength by f. The used values as well as the calculated thickness are
shown in table 3.12. According to formula (3.13) the needed wall thickness of the half-sphere
bottom is 4.09 mm. Figure 3.8 shows the outline of an example half-sphere bottom. The half-
sphere bottom has a very low wall thickness, however it requires the biggest build volume of
the four types.
Fig. 3.8: Half-sphere bottom
Torispherical Bottom
A compromise can be found in the other adapted bottom types for pressurised structures, the
torispherical and elliptical bottoms. The torispherical as well as the ellipsoidal bottom are
specially adapted bottom designs to keep the needed build volume lower than the half-sphere
bottom and to reduce the bending moment of the flat bottom type significantly. The bottoms are
designed according to the technical standards described in the table above.
Like the half-sphere bottom, the torispherical bottom is also covered by DIN EN 13445-3 for
the calculations and additionally DIN 28011 for the design and construction [25]. In the fol-
lowing, the equations of DIN EN 13445-3 Section 7.5.3 torispherical bottoms are shown [23].
The required wall thickness is the highest value of the three design formulas according to the
standard:
es =
P ·R
2f · z-0.5P (3.14)
32 3 Concept of the Gel Tank Structure
ey = β · P(0.75R+ 0.2Di)f (3.15)
eb = (0.75R+ 0.2Di)[
P
111fb
(
Di
r
)0,825](
1
1.5 ) (3.16)
The variables used for the equations are the radius R, the internal pressure P, the material
strength f, the weld factor z, the internal diameter Di and the necessary factor fb as in the
following equation 3.17.
fb =
Rp0,2/T
1.5
(3.17)
The complete calculations of the bottoms can be found as matlab scripts in the appendix B.2
and the results and values of each variable and factor are shown in 3.12. There is one general
problem with these formulations. The gel-tank has a fixed external diameter and flexible in-
ternal diameter, whereas in the standard the external diameter is set flexible. Therefore it is not
directly applicable since it has to be calculated iteratively. This leads to some difficulties in the
calculation. Therefore it was calculated iteratively until the resulting wall thickness was equal
to the one that was entered. If a low value is entered, a higher wall thickness will be calculated.
If the entered value is too high, the resulting wall thickness is smaller. Therefore, the inter-
section between both, where input and result equal is chosen. This approach is questionable,
however the result will be analysed in FEM afterwards. Therefore a validation of this approach
can be explained.
Another difficulty and also weakness of this standard is the factor β. It can be derived from a
diagram or calculated according to 7.5.3.5 in DIN EN 13445 [23] through a number of factors
(s. appendix B.2). The most important factor for the calculation of β is factor X which divides
the internal radius of the curvature by the internal diameter. Depending on the value of this
factor different formulations for β have to be chosen. In case of the torispherical bottom the
factor X equals to 0.1094. This leads to the formulation for β of the range of X from 0.1 to
0.2. Using this formulation leads to β = 1.316. However using the same values but deriving β
from the diagram shows very different results with β= 0.68. The described formulas 3.15 and
3.16 include the internal diameter of the cylindrical part of the bottom. This cylindrical part
thickness however is not known and is calculated with the wall thickness in the first iteration.
Therefore, with a fixed outside diameter these formulas need to be calculated iteratively to reach
a maximum value which is desired. The factors set into the equations and a calculated β this
leads after some iterations to a maximum wall thickness of ey = 18.9 mm. As a comparison,
using β= 0.68 from the diagram, the thickness leads to a maximum ey = 11.4 mm. Therefore the
bottom is designed with the calculated wall thickness of 18.9 mm and curvature radii according
to DIN 28011. Figure 3.9 shows the design guideline of the technical standard [25]. Here the
different radii are Sr1 = da and r2 = 0.1∗da and the heights h1 = 3.5s, h2 = 0.1935da−0.455s
and h3 = h1+ h2 [25]. Figure 3.10 shows a tank with the torispherical bottom and the required
wall thickness as mentioned.
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Fig. 3.9: Design schematics according to DIN28011 [25]
The bottoms are analysed in chapter 4 using the models with a constant wall thickness like
the presented schematics in order to avoid any side effects like additional bending moments of
different wall thicknesses throughout the model.
Fig. 3.10: The torispherical bottom
Elliptical Bottom
The elliptical bottom uses the same formulas 3.14 to 3.16 like the torispherical bottom with the
exception that r and R are calculated in a different way. The different r and R result out of a
restriction that accounts for elliptical bottoms. Therefore a factor K is calculated. If this factor
is between 1.7 and 2.2 the new formulation for r and R needs to be chosen as shown in 3.18 and
3.19.
r = Di((
0.5
K
)−0.08) (3.18)
R= Di((0.44K+ 0.02) (3.19)
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As it can be seen, these formulas seem to be empirical and therefore it is difficult, if not im-
possible to understand how and from where they were derived. Nevertheless they are used and
the newly obtained r and R are also used for the CAD-model, not according to DIN 28013
[26]. The same principle for calculation of β is used although the calculated result equals to
β = 0.515. Inserted in the previously described formulas this leads to a wall thickness for the
elliptical bottom of ey = 7.1 mm. This result seems very low in comparison to the torispherical
bottom. Nevertheless it will also be analysed in subsection 4.2.2 and, if necessary iteratively
adapted in CAD and FEM. However without the newly obtained r and R the calculated wall
thickness is ey = 9 mm maximum. Nevertheless, according to the technical standard the 7.1 mm
is "correct", therefore it is used for the analysis.
Fig. 3.11: The elliptical bottom
Comment on the technical Standards used in this Section
The technical standards used in this section are all primarily written for unalloyed, low-alloyed
or non-corroding steels. However, it is explained, that if the bottoms are of different shapes or
materials the standards apply correspondingly with tolerances that have to be defined specially.
Therefore and due to the fact that no specific technical standard was found during the research
of this thesis which would cover aluminium bottoms directly, these technical standards are used.
The legitimacy of the usage will be discussed in subsection 4.2.2 when the calculated bottoms
are analysed in FEM. It is shown if the reason of failure is due to deformation, where steel
would greatly improve the behaviour, or if its due to stresses when the material strength is the
driving factor.
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Table 3.12: Bottoms
Half-Sphere Torispherical Elliptical Flat
Sign Value Value Value Value Unit
P 18 18 18 18 N/mm²
De 438 438 438 438 mm
f 482 482 482 482 N/mm²
z 1 1 1 1 -
fb 275.33 275.33 N/mm²
β 1.238 0.515 -
e 4.09 81.48 mm
es 8.26 7.11 mm
ey 18.9 7.07 mm
eb 9.69 6.78 mm
3.4.5 Principle of Propellant Feeding
Due to the physical properties of the gel propellant pump feeding is very complicated. By high
shear stresses the gel liquefies and therefore cannot be pumped [8]. Hence, a different way of
feed needs to be incorporated. There are a couple of alternatives to feed the gel by avoiding any
high shear stresses. The gel can for example be handled like typical mono-propellants and can
be pushed to the engine. This can be done by highly compressed gas or other means. To push
the gel, a membrane needs to be included in the tank. This membrane will separate the gas from
the gel and feed the gel out of the tank. Such membrane can be a simple piston or some kind of a
bladder. A potential bladder system can for example be found in hydropneumatic accumulators
[27]. Although the adaptation of the bladder to the tank design could prove difficult since
an extra bladder will have to be built and designed in cooperation with external companies in
order to expand accordingly to press out all the gel. Since there is no expertise at MORABA
concerning bladders, the piston option is favoured. The piston as displayed in figure 3.12 is
comparably simple to design, it has only two directions of freedom in operation and seems to
be the simpler choice. Concerning the wall thickness and mass, this can be kept low in case
the tank is operated with pressurised gas since the pressure difference between the gas and gel
would be zero when closed or very low when feeding. The piston geometry is adapted to the
shape of the bottom in combination with a cylindrical guide to lock the directions of freedom to
only two, moving up and down and turning around the long axis. One question to investigate in
the analysis part is the deformation of the piston. Depending on the amount of seals the piston
could deform differently. If there is only one seal, the piston will see pressure from the inside
as well as from the "outside" between the tanks inner wall.
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Fig. 3.12: The piston design
With two seals, the area in between these seals is not exposed to any pressure. Therefore the
piston will have to withstand the pressure difference from the inside to the outside. This way it
will be pressed against the tank wall and therefore needs to be analysed to not jam. In this case
the cylindrical part of the piston is calculated with the same formula like the cylindrical part of
the tank 3.10 to a thickness of 7.7 mm for the used aluminium alloy EN-AW7075. In general it
is practical to use two seals for the gas as well the gel side. Besides the seal also support rings
can be used. These however will not be calculated or analysed. The type of sealing will need to
be one that is sustainable to the gel, it will need to be able to expand in a certain way in order
to seal the tank and be tight for gas. The amount it will need to expand is subject to discussion
in chapter 4. For assembly reasons it needs to be made sure that the piston can be inserted in
the tank. This can only be done by a flange in the cylindrical part right below the top tank head.
Otherwise the tank would have to be welded close but this will drive any maintenance difficult
and could be a critical decision for this prototype. Besides this a defined mechanical stop has
to be implemented on the top bottom in order to stop the piston from ramming into the bottom
when moving upwards.
3.4.6 Empowering the Propellant Feeding
This subsections deals with powering the propellant feed. To feed the propellant, a certain
amount of energy is required. Three different ways to power the feed are listed in the following.
Therefore the system could be powered by:
• compressed gas
• pyrotechnics
• electrics
For evaluation and trade-off the required mass, build volume and suitability for simple use are
taken into consideration. The different methods are discussed in detail in the following.
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Compressed Gas
The use of compressed gas for the feed energy is a widely used solution since compressed gas
can store high amounts of energy that can be used to feed propellant. An inert gas like Nitrogen
can be chosen in order to avoid any interactions with the gel and especially to avoid any possible
scenarios of creating flammable or even explosive mixtures inside the tank. The gas needs to
be stored in a high pressure gas bottle and then reduced to the required pressure in the tank of
12 MPa. A positive side effect of using gas for the feed is that the gas tank can also be used
for the required Reaction Control System (RCS) of the upper stage. In order to determine how
much gas is necessary, the internal volume of the tank is calculated. With a mass of 100kg of
Gel at a density of 1.3 g/cm³ this leads to:
V =
100
1.3
(3.20)
where V equals to 76,92 liters of propellant volume. Although it is important to add a certain
volume for ullage of the tank and possible RCS. This however can only be precisely determined
once the final design is defined. For the preliminary calculation a simplified tank design with
half-sphere bottoms and a cylinder is used. Therefore a volume of roughly 77 l is required for
the gel and a volume of around 10 l for ullage, resulting in 87 l of Nitrogen at a pressure of
12 MPa. To calculate the required gas for the RCS, 10 N thrusters are assumed which need
around 10 l Nitrogen at roughly 1 MPa for this mission concerning the mission time. This
however is subject to change potentially. In order to store the gas it is favourable to chose a
pressure as high as possible to keep the needed space for the tank at a minimum. Research has
shown, that up to 300 bars operating pressure a high range of components is available since it
seems to be very commonly used for scuba tanks, firefighting applications, etc.. Therefore the
gas would be stored at a pressure of around 30 MPa. In order to determine the size of the tank
and therefore the expected mass to compare, the ideal gas law is taken into consideration:
pV = nRT (3.21)
With the molecular mass n, the gas constant R and the Temperature T it can be transferred to
p1V1 = p2V2 (3.22)
where index 1 is the pressure and volume at 12 MPa (or respectively 1 MPa for the RCS) and
index 2 represents the pressure at 30 MPa (p2 = 30 N/mm²). ThereforeV2 represents the volume
for a high pressure gas tank and is shown in table 3.13.
All in all a gas tank with a volume of roughly 35 liter is required for the vehicle. In order to
have some reserves to account for changes, the preferable tank size for further calculations is
40 l.
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Table 3.13: Necessary volume for pressurised gas
p1 V1 V2
[N/mm²] [l] [l]
Gel-tank 12 87 34.8
RCS 1 10 0.33
total 35.13
Table 3.14: Mass of the gas system
Component estimated mass
[kg]
Pressure vessel 25
Nitrogen 15
valves 6
reducers 3
Fittings and Piping 5
Nitrogen 14
in Total 68
To estimate the total mass of a pressurised gas system, table 3.14 shows the necessary compon-
ents with an estimation of the corresponding masses. In order to calculate the mass of required
Nitrogen the ideal gas formulation with the specific gas constant is used.
pV = mRsT (3.23)
Transformed to calculate the mass formula 3.23 changes to:
m=
pV
RsT
(3.24)
With Rs = 296.8 Jkg·K and a volume of 40 l, a pressure at 30 MPa and a temperature of 293.15 K
this leads to a mass of Nitrogen of 13.8 kg.
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Pyrotechnics
The second alternative is a gas generator based on pyrotechnics. Pyrotechnical gas generators
are tiny cartridges filled with a substance like black powder to be burned and generate gas. The
big advantage of gas generators is, that they can be very small and light in comparison to the
other options. Although the general use of gas generators is standard in the space industry, the
need for small size gas generators at MORABA has shown already that the procurement of such
items can be very complicated. Besides the procurement also the use and implementation of
gas generators requires a lot of testing. Besides this it is not known if there can be any side
effects of combustion material with the gel. The sealing for the tank has also to be adapted
and the amount of gas generation has to be constant and known. Therefore the tank needs a
very reliable and controllable venting system that needs to open regularly if the amount of gas
is too high. This and also the high temperature of combustion gas, that could heat up the gel
to critical temperatures show that the approach of employing gas generators for this task is not
purposeful.
Electrical System
Another possible option under consideration is an electrically powered feed. A motor turns a
spindle which in turn pushes down a piston. Therefore, the rotational motion of the motor is
transformed into a linear motion pushing the piston. The great advantage of this system is a very
precise controlling, since the motor itself can be controlled. In order to determine the necessary
power and boundary conditions for the electrical system it is necessary to calculate the required
driving force. With a wall thickness of the previously calculated 8.18 mm and a fixed outside
diameter of 438 mm this leads to an inner diameter of Di = 421,64 mm. This on the other hand
leads to an internal area the piston has to cover of
Ai = (
Di
2
)2 ∗pi (3.25)
Ai = 139628.31 mm². In order to achieve some dynamics of the system it is designed with a
factor of 1.5 to the internal pressure of 12 MPa. With equation 3.26 this leads to a force on the
piston which the system has to overcome of F = 2513.31 kN.
F = 1.5PAi (3.26)
To translate a rotational into a translatory movement at such high loads a planetary screw drive
is necessary. A potential option for such a screw drive is found at Bosch Rexroth [28]. Since
there is no screw available for the exact calculated force, the next higher is chosen. The found
screw has a diameter of 60 mm and has a mass of 22.15 kg per meter. A corresponding nut has
the mass of another 27 kg. The placement of the screw is the next question. If it reaches through
the tank, the nut has to be sealed, if the piston is on the end, the screw will extend far over the
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tank. For this option an electric motor with a power of 42 kW is required (see calculation inB.7).
This also requires batteries and a motor controller that can deliver such power which usually has
a relatively high mass B.7. In theory it is possible to build such a combination and for a fixed
engine test bench this might be a reasonable choice but for a lightweight rocket upper stage it
is too heavy. Besides the mass of this assembly it also requires a higher need for maintenance
than the gas powered option concerning the electrical components. Also all electrical drive
components have to be sealed to be water tight, since the assembly will fly over the sea and fall
into saltwater afterwards.
To conclude, the preferred system of empowering the propellant feed is the gas powered op-
tion.
3.4.7 Additional Customizations
Additional to the gel-tank structure connectors, interfaces and other design criteria as the flange
are needed. The tank will be integrated into the structure and therefore needs some hardware
interfaces. This means that on the top as well as on the bottom of the tank some Radax connect-
ors have to be fitted as described earlier. This tank design is the first iteration of this project and
therefore unknown problems can occur. In order to give some freedom for simple modifications
without destroying the tank structure itself, two adapter plates on the top and bottom head will
be included. These adapter plates will serve as a structural part to hold the connectors for gas
and propellant as well as to give options for including sensors. These plates are flanged onto
the tank and also provide an opening for inspection when removed. In section 4.3.2 they are
integrated in the finally chosen bottom design and analysed numerically.
4 Numerical Analysis of the Tank Concept
This chapter deals with the numerical analysis of the tank concept presented in chapter 3. The
analyis will be performed using the program ANSYS R19.2.
4.1 General Composition of ANSYS Models
The composition of the ANSYS models used in this work will be described following. Here the
Static Structural for static structure analysis is used. Since the internal pressure, which is aimed
to be held static, is the driving force on the structure it is decided that only a static simulation is
to be considered. For the analysis, the following settings are adapted and changed in ANSYS.
4.1.1 Engineering Data
Using a static structural system, the first step is to define the Engineering Data. In the engineer-
ing data window, the needed materials for the analysis can be defined. Hereby some material
presets can be chosen and be edited furthermore. This step is essential if in the results later
displacements are to be shown. Since the used materials are not predefined yet, the presets are
adapted. The Aluminium alloy EN AW-7075 is adapted as well as 34CrNiMo6 steel for the
bolts, nuts and washers. The adapted values can be seen in the following table 4.1.
Table 4.1: Used material data for the analysis
tensile Yield tensile Ultimate compressive Yield Young’s modulus
N/mm² N/mm² N/mm² N/mm²
EN AW7075 413 482 434 71000
34CrNiMo6 900 1100 1080 210000
4.1.2 Model
The most significant part of the process is the Model section. To edit, a new window is opened
in ANSYS that introduces the core components of the analysis model. In the Mechanical editor
the following parts are to be defined:
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• Geometry
• Materials
• Coordinate System
• Connections
• Mesh
• Static Structural - forces, supports
• Solution
Geometry
The geometry of each different model for the analysis is built in Autodesk Inventor 2016 and
transferred to the ANSYS Workbench.
Materials
As well as the geometry, the material is also already defined. The active materials depend on
the choices in the Workbench Engineering Data.
Connections
The connections tab defines the contact that can influence the results significantly depending
on how they are set. Contacts define the way how different geometrical parts interact with each
other. Therefore different types of contacts can be chosen.
• Bonded
• No Separation
• Frictionless
• Rough
• Frictional
The bonded connection can be used when two parts are connected to each other in a way that no
relative movement is allowed. This could be a welded, a glued or a screw and nut connection.
The single threads of the elements are not supposed to be analysed since they are standard mass
ware. Therefore, the connection is set to bonded to simulate a perfect screw to nut connection.
The other used connection type is called rough. A rough connection is defined as a contact with
an infinite friction factor that can only lift but not slide. This contact type is used for example
to connect the screw heads to the washer ring since no sliding is expected due to an evenly
symmetrical load. In the validation of the final model the rough connection is swapped for a
frictional connection with dimensionless steel to steel friction coefficients of 0.15 in order to
simulate any effects connected to the transversal force. The choice of contact condition has a
strong influence on the computing time and the complexity of the model.
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Mesh
The mesh is is the elementary structure the calculations are based on. The mesh is generated in
the ANSYS internal automesh. This creates a mesh according to the set settings with the option
to also edit manually.
The choice of element types has significant influence on the simulation results. When computers
and softwares were much less powerful than today, meshes had to be optimised and designed to
provide a great computing efficiency. This was a very time consuming and expensive process
since engineers sometimes needed multiple days or even months to build an optimised mesh
[29]. Concerning a great computation efficiency, meshes with hexahedral solid elements or
quadrilateral shell elements were preferred. With much greater computational power meshes
do not need to be simplified in the way like before and mesh sizes can easily succeed millions
of elements. The automatic meshing function of ANSYS can therefore mesh different element
types very efficiently. To create a mesh with hexahedrons however the meshing operation itself
needs much more time and the element quality is often much worse than the one of a tetrahedral-
element mesh.
Further a mesh can consist of solid elements, e.g. like the shown hexahedrons or tetrahedrons,
or shell elements as quadrilateral shapes or triangles. Both types have advantages and disadvant-
ages. Whereas solid elements have a volume and can be suited better to analyse big volumetric
parts, shell elements can be more useful for thin-walled structures. Although thin-walled struc-
tures can also be computed with solid elements, shell elements can be more efficient since the
element size can be chosen much higher than for solid elements. This results out of the ratio
between the element edge to the structure thickness which offers the option for much bigger
shell elements in comparison to solid elements since tehy are not bound to this ratio. Shell
elements however require a CAD model of the structure with a bottom-, mid-, or top-surface
model. This means the model needs to be transformed to a surface model without thickness. It
is not always trivial to derive such surface models, especially with more complex structures. Be-
sides the needed surface-model, special care has to be taken for "T"-connected shell elements
since the information cannot always be transported properly [29]. For the more complicated
flange analysis where it is very difficult, if not impossible, to derive a mid-surface model to
use shell elements it is favoured to use solid elements. Solid elements however are limited to
the structure thickness concerning especially the thin cylindrical wall. With elements getting
smaller, the total amount of necessary elements can rise very quickly and impact computational
performance significantly.
In order to determine if the usage of solid elements is justified, a short comparison between
shell and solid elements is performed. Therefore, the basic model of the cylindrical center part
and the two half-sphere bottoms is used, as is seen in 4.1. This model has simple half-sphere
bottoms and the cylinder, both with a wall thickness of 8.18 mm 3.4.
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Fig. 4.1: Basic tank model with half-sphere bottoms and cylinder - here in 10 mm shell elements
The model is meshed one time with solid tetrahedral elements and another time with triangular
shell elements using the same element size. This way the maximum elemental mean equivalent
stress, as described in 4.1.2, is analysed and compared. The following table 4.2 shows the
obtained stress according to the element size for each element type. Also the deviation of each
is given for comparison.
Table 4.2: Comparison of shell to solid elements
Element Size in [mm]
100 50 20 10 8 5 4
Shell 458.42 435.1 434.05 432.12 431.9 431.83 431.77
Solid 433.99 424.4 424.45 423.89 427.34 427.87 429.45
Deviation 5.63 % 2.52 % 2.26 % 1.94 % 1.07 % 0.93 % 0.54 %
As it can be seen, the difference between shell and solid is marginal and decreasing with a
decreasing element size. Also, the result converges within the different element types with
reducing size. Therefore it can be concluded that with 8.18 mm of wall thickness the usage
of solid elements with edges up to 10 mm is justified. Although the simple models could be
meshed in shell elements, every model is meshed with 10 mm tetrahedral solid elements in the
aluminium structure parts for the first simulations. This might result in a lower computational
efficiency, however it will be simpler to compare all results since the analysis of the flanges
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which is more complex requires solid elements. Another important option to chose is the order
of elements that could lead to the so-called locking phenomena.
The locking phenomena is a phenomena that occurs when elements interact with each other in
a way that stiffens the model and result in wrong deformations and stresses. This is caused
by stiffening effects resulting out of the way elements connect, mainly affecting deformations
through structure bending [30]. This phenomena can occur in shell as well as solid elements.
One solution to this problem is to use higher order elements [29]. A linear element order could,
depending on the model, lead to wrong deformations and therefore also a false computation of
stresses. The linear order element only has connecting points to the neighbouring elements on
the corners whereas a quadratic order element also has connections in the middle of the element
edges. Therefore the quadratic order elements are able to represent the deformations better
than the linear order elements [29]. As ERKE WANG [29] recommends, quadratic tetrahedral
elements are used to avoid the mentioned problems.
It can be concluded that the used elements are quadratic tetrahedral elements with a maximum
size of 10 mm. Additionally to this, a simple convergency check is performed for each analysis
in order to rule out any other unexpected potential side effects of the mesh. If the result does
not vary more than 5 % to the previous, it is considered sufficient.
Static Structural
In the static structural section of the ANSYS Mechanical tool, the adjacent loads like forces,
internal pressure or moments are defined. Each load corresponds to a geometry, the whole body,
a face or a single point of the model. Also a bolt pretension can be set for the screws of the
flanges in order to pre-load them. Besides the loads, the analysis settings can be defined. The
loads of each analysis are shown in the corresponding section.
Solution
The solution section, also found under static structural, defines the requested solution inform-
ation. Different options can be chosen to display stresses, strains, deformations etc.. Deforma-
tions are checked to display the gap between the flange leafs. For stress, the Von-Mises equival-
ent stress is shown. The Von-Mises criterion is a commonly used method to check for stability
of the object which is to design. Von-Mises yields a single-axis stress that is compared to the
maximum stress allowed by the material and shows the remaining factor of safety. The single-
axis stress is derived out of the multi-axis stress state of the model. The Von-Mises criterion
can be applied for viscous and ductile materials like steel or Aluminium alloys that are not too
brittle [31]. In order to compare the results to the material properties, the Von-Mises criterion
is used.
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The results are shown in elemental mean instead of the standard average. Therefore the cal-
culated stresses per element are shown instead of an average solution that is approximated by
a polynomial. The average approximation can lead to false results on corners, sharp edges or
generally singularities.
4.2 Analysis of the Tank Structure
This section presents the analysis of the tank using ANSYS. The obtained results of section 3.4
are implemented into a CAD model and then analysed. The numerical model is validated on the
simple geometries of the cylindrical wall thickness and the bottoms. When the FEM results are
comparable in a range of not more than 15 % deviation to the analytical results, the according
model is seen as representative. Subsequently the model is adapted with every step adding the
main flange and the flanges on the bottoms to analyse the more complex geometries. Therefore
it can be concluded that the models to analyse the more complex structures are sufficient and
working correctly in a certain accuracy. In the end the final model is built in CAD and tested
for the remaining factors of safety. The used forces are as in chapter 3.2 described according
to the critical load cases. Therefore the internal pressure with P = 18 N/mm² including the load
factor is used.
4.2.1 Analysis of the cylindrical Part
For analysis of the basic tank geometry, a model without any flanges or connections is built
with the wall thickness of 8.18 mm according to 3.4.2. This model is loaded into ANSYS and
prepared according to the previously described steps. The aim is to verify the FEM results for
a basic pressure containment with a cylindrical center. The half sphere bottoms are used in
this case because of the characteristic to not create any bending moment induced through the
applied loads. An internal pressure of 18 N/mm² is used and applied on the complete internal
surface of the model. The mesh consists of tetrahedral elements with an element size of 10 mm
according to 4.1.2. The result of this simulation is shown in the following figure 4.2. It can be
seen, that the highest stresses are in the cylindrical part as it is intended. The maximum stress
lies at 422.71 N/mm². Another ten measurement points are taken (see A.1) with an average of
417.96 N/mm². This shows that the stress is very consistent over the whole cylindrical area.
The maximum stress however should be at 482 N/mm², the maximum tensile strength of this
alloy, as it was used for calculations in 3.4. The difference of the calculated and the analysed
stress however is 14.03 %. Therefore the result is acceptable. The difference could result out of
a conservative approach of the used formula. An additional mesh convergence study shows that
there is no significant change in stresses. The difference of a mere 1.2 % is achieved by dividing
the element size by half to 5 mm. Therefore the wall thickness of 8.18 mm for the cylindrical
part is kept for the following analyses.
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Fig. 4.2: Simulation of the cylinder thickness
4.2.2 Analysis of the Bottom Shape
As described in chapter 3.4.3 there are a couple of different typical bottom shapes for pressur-
ised structures. Figure 3.7 shows the different types in a 2-D side view. According to the pre-
viously made calculations of the existing technical standards for each of the described bottoms
a model is built and analysed in ANSYS. The torispherical and elliptical bottom are designed
according to the technical standard as described in chapter 3.4.3. All models are meshed accord-
ing to 4.1.2 with 10 mm quadratic order tetrahedral elements. Additionally a quick convergence
test is performed with 5 mm elements as comparison. In the following, the different bottoms
are discussed in further detail.
Half-Sphere Bottom
The half-sphere bottom is calculated analytically to a wall thickness of 4.09 mm 3.4.3. There-
fore a tank with two half-sphere bottoms and the according thickness is built with the cylindrical
part as described before. One side of the bottoms is fitted with a skirt, a cylindrical part extend-
ing over the bottom, to simulate the further needed Radax joint. The ANSYS model is built
according to section 4.1.2. The fixed support is connected to the structural adapter on one of
the bottoms and the internal pressure of 18 N/mm² is set to all internal surfaces. The results of
this analysis are shown in the following figure 4.3.
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Fig. 4.3: Half-sphere bottom with a wall thickness of 4.09 mm
As it can be seen in the figure, the stresses surpass the strength of the aluminium alloy. Ac-
cording to 3.4.2 the maximum tensile stress of EN AW7075 is 482 N/mm². This is exceeded
in multiple areas by far. Mainly the areas of connecting to the cylinder are concerned. There it
does not matter if its the free side or with the cylindrical skirt 4.4. The problem is the transition
from the cylindrical wall to the bottom and the jump in material thickness. The stresses can
reach up to almost 600 N/mm² on the free side and 522 N/mm² on the skirt side. It could be
argued to include an angle from the extending cylindrical wall to half-sphere bottom in order
to avoid these stresses. However the wall thickness is too thin that every additional bending
stress surpasses the limit of 482 N/mm². In figure 4.5 a version of this bottom with a variable
wall thickness is shown. Therefore the wall thickness starts off with the same as the cylinder
(8.18 mm) and reaches down to the calculated 4.09 mm for the bottom. However this example
shows that the wall thickness might be sufficient for a complete sphere without a transition in
the shape but not for the combination with a cylinder. Therefore, as the last iteration the wall
thickness for the half-sphere bottom is kept at the same as the cylindrical wall 4.6 resulting in
a maximum stress of 246.5 N/mm². With a mesh of 5 mm elements the average stress over 10
probes lies at 248.72 N/mm² which results in a difference of 0.89 %.
Torispherical Bottom
The torispherical bottom is designed according to 3.4.3 with an analytically calculated wall
thickness of 18.9 mm. As mentioned before, the whole model is designed in this wall thickness
to avoid interferences of bending moments. As it can be seen in figure 4.7 with a maximum
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Fig. 4.4: Half-sphere bottom with a wall thickness of 4.09 mm - side two
Fig. 4.5: Half-sphere bottom with a variable wall thickness from 8.18 mm to 4.09 mm
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Fig. 4.6: Half-sphere bottom with a wall thickness of 8.18 mm
stress of 478.64 N/mm² this wall thickness seems to be sufficient to withstand the internal
pressure. Ten measurements with the probe tool are taken along a line on the same height in
the red area where the label of maximum stress is placed. This resulted in an average stress of
431.36 N/mm² according to the Von-Mises criterion. However when checked for convergence
with 5 mm elements, the maximum stress rises up to 498.18 N/mm². This is a difference of 4 %
to the previous result with the 10 mm elements and therefore consistent according to 4.1.2. The
deviation between the maximum allowed tensile stress for the material is at 3.2 %. Therefore
it can be concluded that this design would be suitable and the analysis shows the result of the
analytical calculations.
Elliptical Bottom
Like the torispherical bottom, the elliptical bottom is designed according to 3.4.3 and a wall
thickness of 7.11 mm was calculated analytically. The resulting CAD-model is analysed in
ANSYS and shown in figure 4.8.
As it is predicted before in 3.4.3 and shown here, the calculated wall thickness is too thin to
withstand the stresses induced in the bottom. Especially in the smaller radius and the connection
point of the two different radii very high stresses of 853.61 MPa form and surpass the material
properties of a maximum of 482 N/mm². In order to make the elliptical bottom withstand the
stresses the thickness is enlarged until the obtained stresses in FEM approximate the material
data. The last iteration of the elliptical bottom resulted in a wall thickness of 14.2 mm. Figure
4.9 shows the analysis of this enlarged elliptical bottom.
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Fig. 4.7: Torispherical bottom with a wall thickness of 18.9 mm
Fig. 4.8: Elliptical bottom with the wall thickness of 7.11 mm
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Fig. 4.9: Elliptical bottom with the iteratively found wall thickness of 14.2 mm
As it can be seen in figure 4.9 the new design can withstand the internal pressure with a material
safety margin of 1.26% to the maximum obtained equivalent stresses of 472.65 N/mm². The
result for 5 mm elements shows very similiar values of 475.94 N/mm² Von-Mises equivalent
stress. The difference to the maximum stress with 10 mm elements is therefore 0.69 %. It can
be concluded that this design with a wall thickness of 14.2 mm is suitable to be used in this
case.
Flat Bottom
The flat bottom is calculated to 81.48 mm in 3.4.3. This however is a very conservative approach
with an already much higher mass as the other bottom types 3.4.3. Therefore the wall thickness
is iteratively shortened and tested in ANSYS until it is just sufficient to withstand the pressure.
This process resulted in a final wall thickness for the flat bottom of 43 mm for the Aluminium
alloy which is shown in the following figure 4.10.
The flat bottom takes the least space concerning build volume but would also still be the heav-
iest with 18.206 kg made of EN AW7075. As it can be seen in the figure, the flat bottom
design creates very high bending stresses in the tank wall structure. Therefore to pursue this
design the cylindrical tank walls would also have to be made thicker or have to be improved in
order to withstand the strong bending moments. Therefore a steel bottom is of no advantage
since, for the flat bottom the reason for failure is overstress and not necessarily driven through
deformation. The critical deformation is located in the cylindrical tank wall.
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Fig. 4.10: Flat bottom
Thus a bottom design with lower additional bending stresses has to be chosen. Table 4.3 shows
all the obtained results except for the flat bottom, that could be implemented in the final design.
Also the results of each mesh convergence check is listed.
Table 4.3: Obtained stresses according to element size
10 mm elements 5 mm elements deviation
Half-sphere 246.5 N/mm² 248.72 N/mm² 0.89 %
Torispherical 472.42 N/mm² 470.78 N/mm² 0.41 %
Elliptical 472.65 N/mm² 475.94 N/mm² 0.69 %
Conclusion
Regarding that all bottoms except for the flat bottom proved to be adequate to hold this pressure
finally, the conclusion can be drawn by the structure mass and integrability. Therefore it needs
to mentioned, that the used technical standards require a cylindrical part for the torispherical as
well as the elliptical bottom. This is part of the bottom itself and is necessary, assumedly due to
bending moments that could otherwise create high stresses. Therefore the total mass including
this cylindrical part is added in the right column of 4.4. According to table 4.4 the Half-sphere
bottom is the lowest in mass and therefore an appealing choice.
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Table 4.4: Resulting mass for potential bottom types
Mass in [kg]
Single bottom shape Incl. cylindrical part
Half-sphere 6.14 -
Torispherical 10.1 15.28
Elliptical 8.05 10.31
Flat 18.21 -
However the Half-sphere bottom needs the highest build volume in comparison with the ellipt-
ical bottom which shows to be the second lightest.
Besides the mass and build volume a very significant fact can prove the torispherical and ellipt-
ical design not suitable. Including the cylindrical part on each bottom, it is not possible to fit a
piston in an adequate way. The piston would have to be shaped according to the bottom. Since
the wall thickness is different than the wall of the cylindrical tank part that is not connected to
a bottom (see figure 4.11) integration proves to be not practical.
Fig. 4.11: Integration of the torispherical bottom in the current Tank Concept
The wall extension could also be put outside the tank, then however it will be in the air stream
and would need extra heat protection besides creating more aerodynamic drag. Additionally
integration of the main flange would be more complicated. Therefore it can be concluded that
the half-sphere bottom is the design of choice.
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4.3 Analysis of the Flanges
This sections is dedicated to the evaluation of the flanges needed on the tank. First, the main
flange to open the tank, insert the piston and perform maintenance is analysed. Second, the
smaller flanges connecting the adapter plates on the top and bottom are discussed. The cyl-
indrical wall thickness of 8.18 mm is kept, as well as the half-sphere bottom and since the
ANSYS model is proven to be adequate in the simulations discussed in this chapter before, it is
now extended to incorporate the flanges.
4.3.1 Analysis of the main Flange
A few technical standards are currently available for flanges and two are taken into consider-
ation: DIN 13445 and DIN 1591. The downside of these standards is, that they are all for
validation of results and therefore need an iterative development approach, so the flange is de-
signed in several iterations. DIN 1591 also takes leak tightness into consideration whereas the
DIN 13445 focusses only on the stability. The calculations of both standards are based on a
direct line of force through the seal. Only DIN 1591-3 takes metal to metal contact flanges into
consideration, the type chosen to be used in the gel-tank. Since DIN 1591-3 already needs very
precise information about sealing and it is not sufficient to use simple values found in the adja-
cent table to this standard, it is not taken into consideration. Also DIN 1591-3 is very complex
and the required work to perform a cross check for validation would exceed the scope of this
thesis. However a cross check with the DIN 13445 is performed but the results are much higher
than the FEM results. Therefore the axial stress was calculated to 5544 N/mm² (see B.5), a
value much beyond the capabilities of the material. Due to the very high stress and fact that this
standard requires a design with direct line of force implying the seal in between the flange leafs
the FEM results prove to be more reliable and to be the better option in this case. Therefore no
useful technical standard was found to validate the results.
Following, the performed iterations of the main flange are explained. All iterations follow the
same schematics:
1. The weakness is analysed in the previous design
2. The screw assembly force is calculated (if needed)
3. The design is adapted in CAD
4. The new design is analysed in ANSYS
All in all a few different design are tested out of which the six most important are explained.
The flange designs follow figure 4.12.
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V1-5: 0 mm
V4: 30 mm
V4: 15 mm
Hole circle diameter
V1: 469 mm
V2,3,5: 480mm
V4: 500 mm 
8,18mm
V1-3: 0 mm
V5: 1 mm
V4: 1 mm
8,18mm
V1,2: 10 mm
V3: 50 mm
V4,5: 30 mm
Fig. 4.12: Sizes and measures of the different flange versions
First Iteration
The first design of the main flange is a very early built version to incorporate the basic design
in the idea finding process. This flange consists of two flange leafs with 10 mm thickness
each and 90 M6 screws and nuts. After a calculation of screw forces this design is revised and
improved in the second iteration. Therefore the calculated maximum screw forces reach up
to 145.9 kN with an updated screw size of M18 12.9 screws. To improve the readability the
screw calculation is not shown here, the corresponding Matlab script is found in B.4. Due to the
size of these screws a maximum of 50 screws is possible to place on the flange with a minimal
distance to the tank wall.
Second Iteration
The second iteration of the main flange changed mainly due to the issue that the screws can
not be mounted the way it is shown in iteration one. Therefore the size of a socket wrench,
needed for mounting the screws is researched and fount to have a maximum external diameter
of 39 mm. Thus it needs to be assured that there is enough space between each screw to use
the tool to mount screws and nuts. With this requirement a maximum of 45 M18 screws can be
placed so close to the tank wall to just be able to mount them with a bolt circle of 480 mm.
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Fig. 4.13: Flange V2: General stresses on the left and resulting gap on the right
This results in a higher maximum screw load of 160.9 kN with a screw capacity utilisation of
85.06 %. With the same flange thickness like iteration one, this leads to a maximum screw pre-
load of 145 kN. Following, the analysis results are shown in figure 4.13: The scale for stresses is
set so that everything in red, is higher than 482 N/mm², the maximum strength of EN AW7075.
Therefore the results show very high stresses in the cylindrical part near the flange. This res-
ults out of bending moments due to the little flange thickness since the cylindrical part below
experiences lower stresses and it is not due to a too-thin wall. The bending stresses surpass the
maximum strength acceptable for this material. The high deformation is also shown in the gap,
shown in the right part of the figure. The gap reaches up to 2.73 mm on the inside edge. Since
the seal has to expand into the opening gap, this distance is too big for any typical seal to cover.
The evaluation of the computed screw utilisation also surpasses the capabilities of the material
with over 107 % utilisation. Thus another iteration is necessary.
Third Iteration
The third iteration mainly changes the flange thickness. It is set to very high values in order to
quickly find a top boundary and to find a range of options. The flange is five times thicker than
in the previous iteration with a decreased calculated screw utilisation of 80.65 % at a maximum
load of 152.5 kN. The assumption of the effect of increasing the thickness is to stiffen the whole
flange and reduce bending moments and stresses. Figure 4.14 shows the according result. As
it can be seen in this analysis, the stresses are much lower than in the previous design. With a
maximum stress of 868 N/mm² in the bolts, the aluminium structure stays at reasonable stresses
below 300 N/mm². The gap is also reduced to a mere 0.23 mm, much smaller than the previous
one of over 2 mm. The computed screw utilisation goes down to 75.71 %. However another
design iteration is performed with smaller flange leafs.
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Fig. 4.14: Flange V3: General stresses on the left and resulting gap on the right
Fourth Iteration
This iteration has bigger changes to the ones before. It has lower flange leaf heights again with
30 mm each and is fitted with conic angles on the corners. Even though the previous designs
were without conic angles and do not show any signs of too-high stresses in the corners, it
is incorporated in this design for a comparison. The angles are also fitted with radii and are
designed according to 4.12. Besides this, it is fitted with two steel ring made of 34CrNiMo6,
a high strength steel. These rings serve as washers to lower the resulting contact pressure on
the aluminium. The calculated contact pressure for this design is 594.72 N/mm² below the
screw heads as well as the nuts. Thus a harder and stronger contact area is needed since it will
otherwise damage the aluminium. Figure 4.15 shows the fourth iteration’s results. This design
clearly shows higher stresses than the previous design, presumably resulting again out of the
extended bolt hole diameter of 500 mm compared to 480 mm in the previous versions. This can
also be seen in the resulting gap since it opens up to 0.71 mm. To prove this point, the same
flange thickness is used in iteration 5 although without the angles.
Fifth Iteration
The fifth iteration therefore has flange leafs of 30 mm each, with a combined thickness of
60 mm but without the newly added extra angles. Still a radius of 1 mm is left in the flange
corners in order to help move all potential stresses. Also the washer rings are kept since the
screw contact forces are expected to stay similar. As it can be seen in figure 4.16, the fifth
iteration shows moderate stresses, and low deformation or opening. In comparison to the third
iteration with very big flange leafs, the 30 mm flange leafs prove to be a very good compromise.
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Fig. 4.15: Flange V4: General stresses on the left and resulting gap on the right
Fig. 4.16: Flange V5: General stresses on the left and resulting gap on the right
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The resulting stresses in the aluminium are still all far below the critical stress, the screws are
calculated before and prove to be sufficient and the gap with 0.28 mm is just slightly bigger
than with an almost doubled flange thickness. The mesh schematic here is according x/y/z with
x representing the element size in the aluminium bodies, the general tank structure. To do so,
a sphere of influence is set so that only the elements in this sphere are affected. This avoids
meshing the whole structure in very fine elements. If the model reaches too many elements
the computer runs out of memory which happened in the analysis before the influence sphere
was used. Y represents the element size in the washer ring between screws or nuts and the
aluminium part and z represents the element size in the screws. By doing so, all the critical
parts of the flange are checked for convergence at the same time. Table 4.5 shows the results of
the convergence check.
Table 4.5: Convergence check for iteration five
Mesh size max. Stress Difference Stress on cyl. Difference Gap
[N/mm²] [%] [N/mm²] [%] [mm]
10/3/5 996.25 - 309.75 - 0.28
8/2/4 1025.7 2.87 298.97 -3.61 0.28
5/1/3 1169.8 12.32 303.3 1.43 0.28
As it can be seen, the maximum stress diverges. This is mainly due to the location where the
maximum stress occurs. In each of the models the maximum lies on the washer ring, below
a nut. When lowering the element size in the washer, the stresses rise. With the probe tool
stresses around the area of maximum stress are checked and they show the maximum occurs
only in a single element. Around these singularities, the values stay relatively low. Therefore
it can be assumed that the maximum stress is not necessarily useful as comparison. Besides
the maximum, also the average stress below the lower flange leaf on the cylindrical part of the
structure is taken. With the probe tool ten different values in this area are picked and an average
is calculated. This average stress level is shown in column stress on cyl. in table 4.5. In the next
column the difference in percentage to the previous value is shown. According to this it can be
seen that the results converge very quickly, meaning that the mesh chosen in the beginning was
already sufficient to compute adequate results. Besides this, the gap proves to stay the same
with all three variants of mesh. Therefore it can also be assumed that the mesh is sufficient and
the deformations are not influenced by the change of element size. Therefore the final main
flange design is design five as it is shown here. To conclude the flange iteration designs, table
4.6 with all different previously mentioned parameters is shown.
With the flange strength validated and the design fixed it is important to include a reasonable
sealing. From the simulation it is known that at the inner corner, the flange opens up to a gap of
0.28 mm.
4.3 Analysis of the Flanges 61
Table 4.6: Main flange iteration parameters
Version Flange size Mount. force Max. screw force Screw utilisation Gap
[mm] [N] [N] [%] [mm]
1 20 131573 - - -
2 20 144952 203710 107.72 2.73
3 100 135322 143170 75.71 0.23
4 60 135840 163710 86.57 0.71
5 60 135840 148410 78.48 0.28
The requirement is a seal that is not in the main line of the axial force that can cover up a
certain gap. Therefore a metal-metal contact is favourable with a groove holding the seal. A
typical o-ring is favoured for the sealing since it is simple to design and available in all possible
ways. In order to check for material compatibility the a seal reseller was contacted and it was
recommended to use a EPDM type sealing. EPDM is a widely used material for sealing solution
of aggressive solutions or where a strong weather resistance is needed. EPDM is on rubber base
and therefore behaves like typical rubber sealings. In combination with the high pressure of
18 N/mm² including the load factor, the harder type of sealing is chosen [32]. When the groove
for the seal is moved outward slightly on the flange the gap that is to be closed gets smaller and
a gap of 0.2 mm can be presumed. In order to close such a gap at this pressure a seal ring with
a thickness of 5 to 7 mm can be chosen. According to the seal reseller the deformation of such
a seal should be somewhere between 30 to 50 % in order to be leak tight and to not destroy
the seal. With a 5 mm diameter seal ring the groove needs to be 3 mm deep and 8 mm wide.
This way the seal will be compressed 40 % and has enough space to deform in the other way.
When the gap opens 0.2 mm this will lead to a remaining deformation of 36 % so well within
the mentioned range. The additional axial load of the compression of the seal is covered by the
screws.
4.3.2 Analysis of the top and bottom Flange
The top and bottom flanges serve as an option to open the tank and to fit adapter plates for all
kinds of connectors so that the tank structure itself doesn’t need to be damaged. Both the top
and the bottom flanges are identical to save development time. This type of flange is covered
by the DIN 1591 technical standards however it especially drives the calculation more difficult
due to the shell structure of the bottom it is positioned on. Therefore the result is only based
on analytical screw calculations and the FEM simulation. For analysis one flange was tested
and later the design taken to the other one as well. This flange, due to the smaller diameter,
experiences much less force than the main flange. Therefore the required screws were calculated
to 20 M8 10.9 screws with a pre-load of 22167 N and a maximum screw utilisation of 80.4 %.
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Even though the contact pressure between screw heads and the aluminium adapter plate are at
307.35 N/mm² below the maximum allowed pressure of 434 N/mm², washer plates are used in
order to not damage the material in case of rough usage. Otherwise the principle of simulation
is the same. In the following figure 4.17 the results are shown.
Fig. 4.17: Top/bottom flange: General stresses on the left and resulting gap on the right
It can be seen that the stresses are all well in the range of the used materials. Therefore again
everything in red surpasses the ability of the aluminium and is only found in the bolts that
however are out of a different material and that are validated before in the calculations. Also
with a maximum gap of 0.18 mm this design proves already to be a good option. Following, a
convergence study is made, similar to the other flange as before. The mesh design follows the
schematic of w/x/y/z with w representing the element size in the aluminium bottom structure,
x the element size in the adapter plate, y in the screws and z in the washers. The results of this
convergence check are shown in table 4.7.
Table 4.7: Convergence check for bottom flange
Mesh size max. Stress Difference Gap
[N/mm²] [%] [mm]
10/8/5/2 651.07 - 0.16
8/5/4/2 668.33 2.58 0.18
5/3/3/1 668.29 -0.01 0.32
The convergence shows, it is converging very well however the gap develops unexpected. With
a focus on the gap it can be seen, that a few elements show very high gap distances whereas the
majority behaves the same way like before (see figure 4.18). Therefore the result for the gap
with the smallest element size is not representative.
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Fig. 4.18: Top/bottom flange - gap
4.3.3 Analysis of the Piston
In section 3.4.5 it was concluded, that a piston for the gel feed is to be used and implemented.
The piston is designed so that it has the same shape like the internal bottom geometry to press
out as much gel as possible. For integration reasons the outside diameter of the piston is 1 mm
smaller than the inside diameter of the cylindrical tank part. Two seals will be used, one to seal
off the gas side and another one to seal off the gel side. The sealing covers up the remaining
gap in order to prevent any gas or propellant passing through. Since the sealing will cover up
the gap in between the seals, there won’t be any pressure present to deform the tank in this area.
Therefore the cylindrical part of the piston will have to be designed to withstand the pressure
difference between internal and external pressure. The Half-sphere part of the piston however
will be pressurised by the gas and also by the gel on the other side. Since the pressure difference
between gas and gel will be very low and only depending on the outflow the piston bottom can
be designed very thin.
The one difficulty with the piston however is the way it will expand. In length it will assumably
not expand at all since the pressure difference is down to zero. Although in radial direction it
could expand. Depending on the way the seals are placed, the deformation of the piston in radial
direction can be very significant. If there is only one seal, the piston will almost not deform at
all since it will be pressurized from all sides (except the seal area). With two or more seals
the area in between the seals will not be pressurised and therefore the piston will be pressed
outward. This is favourable for the tank design since it improves leak tightness.
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Fig. 4.19: Aluminium piston with two seals
However adequate simulations of seals are difficult to conduct, therefore the seals are replaced
by simple geometry and the tank and piston pressurised accordingly. The ANSYS model is
built according to the requirements for this simulation. Therefore the pressure was selectively
applied on the concerning parts only, leaving out the gap in between the piston and the tank
wall. The result of the simulation of the piston with a wall thickness of 7.7 mm 3.4.5 with two
seals, 100 mm apart, is shown in figure 4.19.
Here the two grooves for the seals can be seen in between which the mentioned low pressure
area is. In this figure, the remaining gap between the cylindrical part of the piston and the
cylindrical tank wall is shown. As it can be seen, the deformation is so big, that the piston
touches the wall of the tank. This has to be avoided since it can cause jamming of the piston.
Since the pistons deformation is the critical factor, steel with a higher Young’s modulus is
simulated. In the following figure 4.20, the piston with the same dimensions is analysed. This
time however steel is used instead of aluminium. As it can be seen, with steel the deformations
are much smaller than with aluminium. With a remaining gap of 0.25 mm between the piston
and the tank wall, jamming can be avoided. Therefore it shows that the piston could be made
of steel. Another option could also be to thicken just the area that is strongly affected by the
deformation. This way, mass can be saved. Also the piston could be thought to be built with
frames and stringers. This however can create a deformation that could affect the seal.
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Fig. 4.20: Steel piston with two seals
4.3.4 Validation of the final Model
For the final model all previously analysed and chosen parts except for the piston are combined.
As it can be seen in figure 5.1 the tank structure is fitted with the previously discussed parts:
• The cylindrical part with a wall thickness of 8.18 mm,
• Half-Sphere domes on top and bottom including flanges and adapter plates
• main flange
The previously described loads (see 3.2) are applied to the model in two steps and are not
simulated with relieving load interactions. First the loads that provoke tensile stresses as well
as shear stresses and secondly the loads that provoke compressive stresses are applied. The
analysis of compressive stresses shows the safety against buckling and the safety against com-
pressive yield. Whereas the tensile stresses are analysed for safety against tensile yield as well
as tensile ultimate. In addition with the transversal force and the de-spin moment, a check
against flange movement is performed in the worst case. The applied loads of the first case are
shown in the following table 4.8. This case represents the normal flight during booster burn
although it is a conservative approach because the loads will not act at the same time since the
de-spin is triggered much later when the bending moment and transverse force already dimin-
ish. The area between the flanges on the inside is also pressurised. This simulates the effect of
a gap opening for which an additional pressurised area would form. The bending moment, the
transversal force and the de-spin moment are all applied to the upper cylindrical area up until
the Radax connection. The fixed support is on the bottom Radax connection.
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Table 4.8: Loads on final model provoking tensile and shear stresses
Load Value Unit Load factor
Internal Pressure 12 N/mm² 1
Bending Moment 26412 Nm 1
Transverse Force 8635 N 1
De-Spin Moment 455 Nm 1
Inertia of fuel 24525 N 1.25
The mesh is created as in 4.3.1 and 4.3.2 with quadratic tetrahedral elements and a size of
10 mm for the aluminium parts, 8 mm for all the screws and nuts and 5 mm for the washer rings
and the washers. As it is shown before in 4.5 and 4.7, this mesh is sufficient enough to show
good results for the aluminium parts. Nevertheless the mesh quality is shown in figure 4.21 in a
qualitative way to show the mesh is constructed well so far.
Fig. 4.21: Mesh quality
As it can be seen already, the majority of elements is colored in blue tones. However, a few
elements especially in the Radax joints are colored in red tones. The colors represent the quality
of each single elements where blue shows a very "good" element and red a "bad" element. To
determine if its good or bad, ANSYS follows a couple attributes as described in 4.1.2. In order
give a quantitative measure, ANSYS offers the option to sort the elements after these quality
attributes and to compare them to the volumetric amount these elements take of the model.
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Therefore it shows how much volume is taken by elements with a certain level of quality. Said
visualization is shown in figure 4.22.
Fig. 4.22: Mesh quality
According to this figure, 95.41 % of elements are at values higher than 0.5 and only around
0.096 % of the volume covered by elements has elements with a quality value below 0.2 which
is considered a threshold to good elements. These elements however are at the chamfer of the
screw-ends or at the radax connectors. Therefore the mesh quality is one indicator that the
results will be representative. Following figure 4.23 shows the actual result of the analysis.
Analysis of tensile Stresses of the final Model
As expected, it can be seen in figure 4.23 that the maximum stresses are much lower compared
to the design case of subsection 4.3.1. The maximum tensile stress, equivalent Von-Mises stress
in elemental mean, lies at 704 N/mm². It is found in the same area like in most cases of the
flange analysis before, the contact area between nut and steel washer ring. The stresses in the
aluminium structure itself are at a much lower level than with the higher design pressure. This
results out of the induced bending moment in the flange. The lower bending moment can also
be noticed by the gap opening. Figure 4.24 shows the remaining gap of the main flange. As
it can be seen, the gap is highly dependant on the direction of the applied external bending
moment since it shows a maximum of 0.18 mm on one side and a maximum of 0.086 mm on
the opposing side. Therefore depending on the bending moment, the gap can widen 0.1 mm.
With the proposed position of the seal of around 5 mm from the inner circle this leads to a gap of
0.12 mm in the maximum. Therefore the seal will face much less stress and a smaller gap than
it is designed to withstand in the case of a pressure of 18 N/mm². The corresponding factors of
safety against tensile yield and ultimate are shown in table 4.9.
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Fig. 4.23: Final model, view on top part including main and top flange
Fig. 4.24: Gap of the final model
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Fig. 4.25: Top flange of the final model
Figure 4.25 shows the top flange and half-sphere bottom in detail and as it can be seen by the
colouration, the maximum stress on the bottom is at around 240 N/mm² according to the bright
green colour. For an average ten measurements are taken in this bright green region and show
an average stress of 246.57 N/mm² A.4. This means a safety of 1.67 to tensile yield and 1.95
to tensile ultimate. The same is also done on the inside according to A.3 leading to a factor of
2.07 to tensile yield and 2.42 to tensile ultimate.
The lower flange and half-sphere bottom is shown in 4.26. It shows very similar results to the
top bottom in terms of stresses and factors of safety. However the factors of safety for the lower
bottom are with 1.65 to yield and 1.93 to ultimate slightly smaller than for the top bottom. This
is due to the extra load on the bottom resulting out of the inertia of the propellant during the
booster flight. Figure A.5 and A.6 show where the measurement are taken on the model. All
results of safety factors are combined in table 4.9. Therefore not all of them are explained in
detail.
Table 4.9 shows the remaining safety factors against tensile yield and tensile ultimate of a couple
of critical regions on the structure. For each part the highest stresses on the outside or inside are
considered. An average is built and this is compared to the material strength.
The remaining factors of safety are all higher then the requested factors of Yield = 1.1 and
Ultimate = 1.25 for the flight case. Therefore the final model shows to be sufficient enough to
be able to withstand the critical flight loads provoking tensile stresses. Even so the factors also
succeed the requested factors for ground handling of Yield = 1.25 and Ultimate = 1.5. This can
be due to the bending moments induced by the internal pressure are much lower than the ones
from the much higher design pressure. This can have a significant impact on the results which
makes the flange seem over engineered when put under the actual loads. In the cylindrical part
of the tank the average stress of the chosen points is at 281.42 N/mm² and yields a factor of
safety for tensile ultimate of 1.71. In comparison, the cylindrical anaylsis in 4.2.1 leads a factor
of 1.14 when checked against the ultimate stress of the aluminium. The factor between 1.71
and 1.14 however is 1.5.
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Fig. 4.26: Bottom flange of the final model
Table 4.9: Final remaining factor of safety against tensile yield and ultimate strength
Region Yield Ultimate Highest stress [N/mm²] ref. s. Apx
Top head outside 1.67 1.95 248.82 A.4
Top head inside 2.07 2.42 204.35 A.3
Bottom head outside 1.65 1.93 252.27 A.6
Bottom head inside 1.95 2.28 213.39 A.5
Mid Cylinder inside 1.47 1.71 281.85 A.7
Mid Cylinder outside 1.53 1.78 271.02 A.8
Top Cylinder inside 1.44 1.68 287.76 A.1
Main flange outward 2.38 2.78 186.21 A.2
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Fig. 4.27: Analysis of compressive stresses of the final model
Therefore it can be said that the models and the analysis stay consistent and that the remaining
factor comes out of the already conservative approach of the cylindrical part.
Analysis of compressive Stresses of the final Model
The loads for the second case when buckling and compressive yield is analysed are shown in
table 4.10. This would for example be the case when the rocket flies with a not-pressurised tank
and without any relieving interactions between loads.
Table 4.10: Loads on final model provoking compressive stresses
Load Value Unit Load factor
Axial Force 40732 N 1
Bending Moment 26412 Nm 1
The model stays unchanged from the previous analysis except for the loads. In figure 4.27 the
result is shown. As it can be seen, the loads are no problem for the structure which shows
very little stresses. The highest stresses are still in the screws with the maximum stress being
between a screw head and the washer ring
Besides the compressive stresses the structure needs to withstand any form of buckling for the
mentioned loads. Therefore a linear eigenvalue buckling analysis is performed with ANSYS.
The model is checked until the first buckling mode. Figure 4.28 shows the buckling simulation
of the final model in ANSYS.
It can be seen that the buckling occurs in the area of the smallest wall thickness. In the skirt
holding the Radax connections on top and bottom, the wall thicknesses are just 4 mm thick.
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Fig. 4.28: Buckling of the final model
Therefore this is the most probable area for buckling to happen. Nevertheless, the buckling
simulation shows a factor against buckling of 20.71. Therefore 20 times the load can be applied
until the structure starts to buckle. Since 4 mm wall thickness is commonly used in the structural
parts of the rocket and usually the weaker EN AW7020 is used, the tank should not be subject
to buckling in any assumed condition.
5 Application of the numerical Results
This chapter combines and applies the previously obtained results. Therefore the final design is
presented in a CAD model and prepared renderings. After this, the potential for optimisation of
this design is presented and following the scalability of results discussed.
5.1 Adaptation of the CAD Model
The CAD model is progressively completed with all the described additions (see 3.4) to the
final model shown in figure 5.1. Figure 5.1 is taken as a screenshot of Autodesk Inventor.
Fig. 5.1: The final CAD model
It shows the basic cylinder design with the half-sphere bottoms, the main flange connecting
both main aluminium structures and the flanges on top and bottom to cover the man holes and
provide an option for the adapter plate. The piston based on a cylindrical part and half-sphere
bottom, is added. In order to prevent the piston from being pressed in the top half-sphere, a
physical stop is added realised as a geometrical shoulder seen in the left of the piston. Also
the grooves for seals on the flanges and piston are included. Besides this, the Radax joints are
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incorporated in the bottom and top seen on the right and left side of the figure. The length of
the cylindrical part under the joints however can change when the final upper stage layout is
known.
5.2 Potential for Optimisation
The gel-powered upper stage is a prototype and the project is in the beginning of the develop-
ment which means that many tests like pressure tests, propellant management tests, etc. will
have to be performed. It is expected that these tests will show some weaknesses of the design
that offer room for optimisation. However a couple of points are already known to have poten-
tial for optimisation. The greatest potential to improve the tank is the structure mass. Equation
5.1 gives the structure efficiency concerning the ability to store fuel with m f as the mass of the
tank including propellant and me the empty tank mass.
S=
m f ull
mempty
=
m f uel+mstructure
mstructure
(5.1)
With a tank structure mass of around 68 kg and a propellant mass of 100 kg, the structure ratio is
a merely 2.47 with all the necessary additions that are demanded for this prototype, like flanges
and the Radax joints. For comparison, a pressure fed rocket stage is to be chosen. Therefore the
EPS, the upper stage of the Ariane 5 is taken into consideration. This stage is fuelled by 3200 kg
monomethylhydrazin and 6500 kg nitrogen tetroxide [33]. It has a total mass including fuel of
10850 kg and an empty mass of 1150 kg [33]. Therefore the structure factor of the EPS is 9.43
which is roughly 7 times higher than the gel-upper stages factor. However this comparison limps
since the EPS tanks are spherical tanks and the used material can be different. Additionally, the
used propellant has a different density then the gel propellant. In order to give a benchmark for
the tank, the optimum structure factor can be calculated. This is done just with the basic tank
structure, without any flanges or joints.
es =
P ·De
4f
(5.2)
ec =
P ·De
2f
(5.3)
With the lightweight approach of the equation for spherical shapes 5.2 and cylindrical shapes
5.3 the volume and mass of the structure can be calculated. The mass of the cylindrical structure
is calculated by the following equation 5.4.
ms,cylinder = DpiecLρstructure (5.4)
The structure mass of the spherical shape calculates to:
ms,sphere = D2piesLρstructure (5.5)
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For comparison the necessary tank ullage is neglected and the propellant stored in this geometry
is calculated by the following equations for the cylindrical and the spherical shapes.
m f ,cylinder = (
D
2
)2piLρ f uel (5.6)
m f ,sphere = (
D
2
)3
4
3
piρ f uel (5.7)
With the previous formulas 5.4, 5.5, 5.6 and 5.7 set in formula 5.1 this leads to a formulation of
the structure factor of
S= 1+
f (L+ 23D)
2P(L+ 12D
ρ f uel
ρstructure
(5.8)
This equation is plotted two times, one time with a fixed length L and a variable diameter D and
another time with the opposite. Table 5.1 shows the used values.
Table 5.1: Loads on final model provoking compressive stresses
Parameter Symbol fixed variable Unit
Diameter D 0.43 0-10 m
Length L 0.65 0-10 m
Material strength f 482 - N/mm²
internal pressure P 18 - N/mm²
Density structure ρstructure 2.8 - g/cm³
Density fuel ρ f uel 1.3 - g/cm³
Using the previously described formulas and parameters leads to the plot shown in figure 5.2.
The blue line represents the structure factor with a variable diameter and a fixed length of
650 mm. The length of 650 mm is the actual final length of the cylindrical tank part. The
red line represents the structure factor with a variable length and a fixed diameter of 430 mm
which represents the middle diameter of the structure. It can be seen, that the curves have
an asymptotic course leading, in this range, to 9.05 for the curve of diameter variation and a
maximum of 9.29 for the variation of length. This shows the maximum achievable efficiency
in design with this material and this fuel at the given pressure. This however means that the
optimum efficiency, which is the highest achieved value in the plot, is found in the red curve in
the beginning at zero length. This shows again that spherical tanks, as they are also used in the
Ariane 5 upper stage, have the best structure mass to fuel mass ratio and a favourable.
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Fig. 5.2: Structure factor plotted over the size in length and diameter for EN AW7075
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The designed gel tank reaches a calculated factor of 7.73 which is around 77% of the best
achievable factor for the chosen material. Therefore the tank structure itself is designed very
efficiently with this material and dimensions. According to 5.8 great potential for optimisation
lies in the use of a different material for the structure, lowering the pressure and maximizing
the diameter when minimizing the length. Since lowering of pressure implies the need for a
new engine, the recommended factors that can be changed are the choice of material and the
tank diameter. When using the previously introduced high strength steel for example (see 3.8)
a factor of 9.87 is obtained for the current tank dimensions. In comparison this does not seem
like a great win, however when looking at other materials like carbon fibre reinforced plastics
for example, factors of 24.46 can be reached. Following table 5.2 shows a comparison between
some materials.
Table 5.2: Loads on final model provoking compressive stresses
Parameter ultimate Strength Density Structure factor
N/mm² g/cm³
EN AW7075 482 2.8 7.73
W720 steel 1860 8.2 9.87
Ti6Al4V 895 4.45 8.86
CFRP [34] 900 1.5 24.46
Therefore the choice of material can influence the tank structure efficiency significantly. How-
ever these options only make sense for an advanced design since then other changes should also
be done like inserting the piston (which is not part of these calculations) and closing the tank
ruling out the need for the big flange and heavy screws. According to HYDAC the bladder is
no option since the deformation of it can not be adapted in a way to push out all the fuel reli-
ably. Therefore the optimisation concerning a larger diameter proves to be difficult when using
a piston. Following all the recommended options are listed:
• drop the main flange
• drop the bottom flanges
• extend diameter
• lower length
• consider another material
5.3 Scalability of the Results
This section discusses the scalability of the obtained results. As section ?? already showed, the
optimum would be to design or size the tank as close as possible to a sphere shape. However this
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is not practical when using a piston since it cannot be used in a sphere tank and always creates
a certain amount of ullage. Therefore, to scale the tank, the simplest way is to change the
length. By changing the length, the amount of carried propellant can be increased or decreased.
Equation 5.9 calculates the amount of propellant mass for one meter cylindrical length of the
tank with the current diameter dimensions.
m1meter = Ai ∗L∗ρ f uel (5.9)
Table 5.3: Factors for calculation of the propellant mass per meter
Parameter Value Unit
e 8.18 mm
De 438 mm
L 1000 mm
ρ f uel 1.3 g/cm³
With the wall thickness of 8.18 mm and an outside diameter of 438 mm and the remaining
factors according to 5.3, this leads to a propellant mass per meter of cylindrical length of
181.52 kg. This could be suitable for minor changes in propellant amount. However, this will
also greatly increase the rocket’s length which in return can lead to higher forces and bending
moments in the tank. For a bigger scaling of several hundred kilograms of propellant mass for
example, the tank diameter should be changed. This however means that the engine has to be
changed to a higher thrust engine.
According to the presented results and the previous section it is recommended for varying the
propellant amount to only perform minor adaptations in length of the tank and if this is not
enough otherwise extend the diameter of the structure.
6 Conclusion and Outlook
6.1 Conclusion
This thesis is part of MORABA’s project of designing a new sounding rocket upper stage with a
thrust controllable engine. This engine runs on a gelled propellant which is fed from an onboard
propellant tank. The aim of this thesis is to design this tank for a maximum expected operating
pressure of 120 bar as an integral structure of the upper stage. The gel tank features the storing
and feeding of propellant during preparation and flight. Since the tank is part of the vehicle
primary structure it is designed to withstand the internal pressure as well as flight and handling
loads.
A short history on sounding rockets is given, solid rocket motors introduced and the challenge
of thrust controlling explained. In the following, different propellant types and feed systems
are discussed, the pros and cons of these types and systems are outlined and the differences to
the gelled propellant highlighted. Common tank systems and the types of pressure vessels are
explained in addition.
Subsequently, the concept of the tank structure is discussed. With the introduction of the vehicle
and mission concept, the adjacent loads and load cases on the tank as well as key design re-
quirements are defined. Since it is an integral structure part it is indispensable to fit a structural
interface like the Radax joints to the tank. Other features are included as flanges and adapter
plates which are discussed in detail. The relevant technical standards of the ECSS are outlined
and load as well as safety factors defined. The concept development is inspired by the VDI 2221
standard and begins by presenting the list of requirements and defining subsystems that are ana-
lysed further. Therefore the subsystems of the tank as the cylindrical part with its concerning
wall thickness, the different bottom types, the feeding principle and more are explained and
analytically calculated in this section.
Following the analytical concept development, the numerical FEM simulation is used for the
design of the more complex parts of the geometry. Therefore, a simple FEM model is built
and verified with the basic analytical calculations of the tanks cylinder and bottom parts. With
the now validated FEM results, the model is progressively completed with further elements like
the flanges etc.. The main flange is simulated and a design solution is found iteratively. Lastly
the piston is analysed and the final model evaluated by numerical simulations concerning the
remaining factors of safety.
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Finally it is shown, that the tank is sufficient to withstand the loads and load cases present in
handling and flight with the required factors of safety. The final model holds 100 kg of gelled
propellant and is pressurised by Nitrogen form a high pressure gas tank. The gel tank is made
of Aluminium EN AW7075, is fitted with a piston and has a dry mass of roughly 70 kg.
6.2 Outlook
Following the work in this thesis the tank is ready for detailed design modifications and testing.
Especially the testing is a very significant step in the development process to validate the FEM
model. This includes pressure cycle tests, maximum pressure tests until bursting of the struc-
ture, leak tests etc.. The results will then dictate the further proceeding of potential redesigns
over minor changes to structural acceptance of the design. Acceptance of the tank design leads
to further system function tests like fuel management and integration tests. Depending on the
progress of work in the other departments for space propulsion, control technology and elec-
tronics, the acceptance of the design can be followed by test firing and hover tests of the entire
upper stage propulsion system. Eventually, after the design has proven to be trustworthy it can
be used for the actual purpose of flying a research mission. Design optimisation efforts can be
conducted, e.g. by using different materials. A carbon fibre overwrap system can be an option
since this presents a high margin of improvement shown in the structure factor. Eventually an
appropriate bladder or membrane concept can also be found to further reduce structural mass.
Concluding, a certain amount of further work is required to bring the system into service or to
optimise it, providing many opportunities for interesting scientific and engineering questions to
be solved.
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A Appendix relevant Figures
A.1 Figures for Determination of remaining Safety Factors
Fig. A.1: Final Design - Safety Factor cylindrical Wall near main Flange
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Fig. A.2: Final Design - Safety Factor Flange
Fig. A.3: Final Design - Safety Factor top Bottom - inside
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Fig. A.4: Final Design - Safety Factor top Bottom - outside
Fig. A.5: Final Design - Safety Factor lower Bottom - inside
88 A Appendix relevant Figures
Fig. A.6: Final Design - Safety Factor lower bottom - outside
Fig. A.7: Final Design - Safety Factor cylindrical Wall - inside
A.1 Figures for Determination of remaining Safety Factors 89
Fig. A.8: Final Design - Safety Factor cylindrical Wall - outside

B Appendix Matlab-Code
B.1 Materials and Wall thickness (Matlab-Code)
c l o s e a l l
c l e a r a l l
c l c
%% P a r a m e t e r
r h o _ g e l = 1 . 3 ; % [ kg / dm^3]
m_gel = 100 ; % [ kg ]
d _ t a n k _ a u s s e n = 438 ; % [mm]
p_tw_max = 8 ; % [N/mm^2] Maximaldruck Brennkammer
(30−80 b a r Brennkammerdruck )
% S1 = 1 . 2 5 ; % min S i c h e r h e i t s f a k t o r ECSS
S2 = 1 . 5 ; % a n g e p a s s t e r S i c h e r h e i t s f a k t o r
f = 1 . 5 ; % F a k t o r 1 ,5 zwischen BK und Tank
p_ t a nk = p_tw_max* f *S2 ; % Druck im Tank
% Dehngrenzen
Rp02_al = 413 ; % [N/mm^2] AW 7075 MIL Handbook
Rp02_ t i64 = 860 ; % [N/mm^2] Ti−6Al−4V
Rp02_W720 = 1815 ; % [N/mm^2] W720
Rp02_42CrMo4 = 500 ; % [N/mm^2]42 CrMo4 − wenn aus dem Vo l l e n f r ä s e n
dann b e i dem Durchmesser w a h r s c h e i n l i c h noch g e r i n g e r
% Z u g f e s t i g k e i t e n
Rm_al = 482 ; % [N/mm^2] AW 7075 − MIL Handbook p . 6 7 3
Rm_ti64 = 895 ; % [N/mm^2] Ti−6Al−4V Thyssen min . Werte
Rm_W720 = 1860 ; % [N/mm^2] B öh le r
Rm_42CrMo4 = 500 ; % [N/mm^2]42 CrMo4 − wenn aus dem Vo l l e n f r ä s e n
dann b e i dem Durchmesser w a h r s c h e i n l i c h noch g e r i n g e r
% D i c h t e n
r h o _ a l = 2 . 8 ; % [ g / cm^3]
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r h o _ t i 6 4 = 4 . 4 5 ; % [ g / cm^3]
rho_W720 = 8 . 2 ; % [ g / cm^3]
rho_42CrMo4 = 7 . 7 2 ; % [ g / cm^3]
%% Z y l i n d e r
% K e s s e l f o r m e l min . Wanddicke nach DIN EN 13445−3 7 . 4 . 2
s _ m i n_ a l = p_ t an k * d _ t a n k _ a u s s e n . / ( 2 * Rm_al+ p_ t a nk ) ; % [mm]
s _ m i n _ t i 6 4 = p _ ta nk * d _ t a n k _ a u s s e n . / ( 2 * Rm_ti64+ p _ ta nk ) ;
s _ m i n _ s t e e l = p_ t an k * d _ t a n k _ a u s s e n . / ( 2 * Rm_W720+ p _ ta nk ) ;
s_min_42CrMo4 = p _ t an k * d _ t a n k _ a u s s e n . / ( 2 * Rm_42CrMo4 ) ; % [mm]
Wanddicke f ü r Boden mi t 42CrMo4
v o l _ g e l = ( m_gel / r h o _ g e l ) *1E6 ;
% [mm^3]
% t a n k Aluminium
d _ t a n k _ i n n e n _ a l = d _ t a n k _ a u s s e n − 2* s _ m i n_ a l ;
a _ t a n k _ a l = power ( ( d _ t a n k _ i n n e n _ a l / 2 ) , 2 ) * p i ;
% I n n e n f l ä c h e des Z y l i n d e r s [mm^2]
d i f f _ a l = d _ t a n k _ a u s s e n . / d _ t a n k _ i n n e n _ a l ;
% Dünne Wand − k l e i n e r a l s 1 ,2
% t a n k T i t a n 6 4
d _ t a n k _ i n n e n _ t i 6 4 = d _ t a n k _ a u s s e n − 2* s _ m i n _ t i 6 4 ;
a _ t a n k _ t i 6 4 = power ( ( d _ t a n k _ i n n e n _ t i 6 4 / 2 ) , 2 ) * p i ;
% I n n e n f l ä c h e des Z y l i n d e r s [mm^2]
d i f f _ t i 6 4 = d _ t a n k _ a u s s e n . / d _ t a n k _ i n n e n _ t i 6 4 ;
% Dünne Wand − k l e i n e r a l s 1 ,2
% t a n k S t a h l
d _ t a n k _ i n n e n _ s t e e l = d _ t a n k _ a u s s e n − 2* s _ m i n _ s t e e l ;
a _ t a n k _ s t e e l = power ( ( d _ t a n k _ i n n e n _ s t e e l / 2 ) , 2 ) * p i ;
% I n n e n f l ä c h e des Z y l i n d e r s [mm^2]
d i f f _ s t e e l = d _ t a n k _ a u s s e n . / d _ t a n k _ i n n e n _ s t e e l ;
% Dünne Wand − k l e i n e r a l s 1 ,2
%% Halbkuge lboden nach DIN EN 13445−3 7 . 4 . 3
V_hk_aussen = 2 /3* p i * ( d _ t a n k _ a u s s e n . / 2 ) ^ 3 ;
% Volumen Ha lbkuge l
Außendurchmesser
% Boden Alu
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V_hk_innen_a l = 2 /3* p i * ( d _ t a n k _ i n n e n _ a l / 2 ) . ^ 3 ;
% Volumen Ha lbkuge l I n n e n d u r c h m e s s e r
= T r e i b s t o f f / Gas
s_min_a l_boden = p _ t ank * d _ t a n k _ a u s s e n / ( 4 * Rm_al+ p_ t a nk ) ;
% Boden Ti64
V_hk_ innen_ t i 64 = 2 /3* p i * ( d _ t a n k _ i n n e n _ t i 6 4 / 2 ) . ^ 3 ;
% Volumen Ha lbkuge l I n n e n d u r c h m e s s e r =
T r e i b s t o f f / Gas
s _ m i n _ t i 6 4 _ b o d e n = p_ ta nk * d _ t a n k _ a u s s e n / ( 4 * Rm_ti64 ) ;
% Boden S t a h l
V _ h k _ i n n e n _ s t e e l = 2 /3* p i * ( d _ t a n k _ i n n e n _ s t e e l / 2 ) . ^ 3 ;
% Volumen Ha lbkuge l I n n e n d u r c h m e s s e r =
T r e i b s t o f f / Gas
s _ m i n _ s t e e l _ b o d e n = p_ ta nk * d _ t a n k _ a u s s e n / ( 4 * Rm_W720) ;
% Boden 42CrMo4
d_tank_innen_42CrMo4 = d _ t a n k _ a u s s e n − 2* s_min_42CrMo4 ;
a_tank_42CrMo4 = power ( ( d_tank_innen_42CrMo4 / 2 ) , 2 ) * p i ;
% I n n e n f l ä c h e des Z y l i n d e r s [mm^2]
dif f_42CrMo4 = d _ t a n k _ a u s s e n . / d_tank_innen_42CrMo4 ;
% Dünne Wand − k l e i n e r a l s 1 ,2
V_hk_innen_42CrMo4 = 2 /3* p i * ( d_tank_innen_42CrMo4 / 2 ) . ^ 3 ;
% Volumen Ha lbkuge l I n n e n d u r c h m e s s e r =
T r e i b s t o f f / Gas
s_min_42CrMo4_boden = p _ t an k * d _ t a n k _ a u s s e n / ( 4 * Rm_42CrMo4 ) ;
%% Länge Tank
% Alu
l _ c y l i n d e r _ a l = ( v o l _ g e l−V_hk_innen_a l ) . / a _ t a n k _ a l ;
%[mm] l e n g t h c y l i n d e r
l _ t a n k _ a l = l _ c y l i n d e r _ a l + 2* d _ t a n k _ a u s s e n / 2 ;
%[mm] l e n g t h t a n k i n c l . c y l i n d e r and
bot tom
% Ti64
l _ c y l i n d e r _ t i 6 4 = ( v o l _ g e l−V_hk_ innen_ t i 64 ) . / a _ t a n k _ t i 6 4 ;
%[mm] l e n g t h c y l i n d e r
l _ t a n k _ t i 6 4 = l _ c y l i n d e r _ t i 6 4 + 2* d _ t a n k _ a u s s e n / 2 ;
%[mm] l e n g t h t a n k i n c l . c y l i n d e r and
bot tom
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% S t a h l
l _ c y l i n d e r _ s t e e l = ( v o l _ g e l−V _ h k _ i n n e n _ s t e e l ) . / a _ t a n k _ s t e e l ;
%[mm] l e n g t h c y l i n d e r
l _ t a n k _ s t e e l = l _ c y l i n d e r _ s t e e l + 2* d _ t a n k _ a u s s e n / 2 ;
%[mm] l e n g t h t a n k i n c l . c y l i n d e r
and bot tom
%% Masse
% Masse Alu
d _ i _ a l = d _ t a n k _ a u s s e n−s _ m i n_ a l * 2 ;
m _ c y l i n d e r _ a l = ( power ( d _ t a n k _ a u s s e n / 2 , 2 ) * pi−power ( d _ i _ a l / 2 , 2 ) * p i ) . *
l _ c y l i n d e r _ a l * r h o _ a l / 1 E6 ;
m_tank_boden_a l = ( V_hk_aussen−V_hk_innen_a l ) * r h o _ a l / 1 E6 ; %[ Kg ]
m_al = m _ c y l i n d e r _ a l + 2* m_tank_boden_a l ;
% Masse Ti64
d _ i _ t i 6 4 = d _ t a n k _ a u s s e n−s _ m i n _ t i 6 4 * 2 ;
m _ c y l i n d e r _ t i 6 4 = ( power ( d _ t a n k _ a u s s e n / 2 , 2 ) * pi−power ( d _ i _ t i 6 4 / 2 , 2 ) * p i
) . * l _ c y l i n d e r _ t i 6 4 * r h o _ t i 6 4 / 1 E6 ;
m_tank_boden_ t i64 = ( V_hk_aussen−V_hk_ innen_ t i 64 ) * r h o _ t i 6 4 / 1 E6 ; %[ Kg ]
m_t i64 = m _ c y l i n d e r _ t i 6 4 + 2* m_tank_boden_ t i64 ;
% Masse S t a h l
d _ i _ s t e e l = d _ t a n k _ a u s s e n−s _ m i n _ s t e e l * 2 ;
m _ c y l i n d e r _ s t e e l = ( power ( d _ t a n k _ a u s s e n / 2 , 2 ) * pi−power ( ( d _ i _ s t e e l )
/ 2 , 2 ) * p i ) . * l _ c y l i n d e r _ s t e e l *rho_W720 / 1 E6 ;
m _ t a n k _ b o d e n _ s t e e l = ( V_hk_aussen−V _ h k _ i n n e n _ s t e e l ) *rho_W720 / 1 E6 ; %[
Kg ]
m _ s t e e l = m _ c y l i n d e r _ s t e e l + 2* m _ t a n k _ b o d e n _ s t e e l ;
m_tank_boden_42CrMo4 = ( V_hk_aussen−V_hk_innen_42CrMo4 ) * rho_42CrMo4 / 1
E6 ; %[ Kg ]
m_s tee l_ inc l_42CrMo4 = m _ c y l i n d e r _ s t e e l + 2* m_tank_boden_42CrMo4 ;
% S i c h e r h e i t
% s a f e t y = p_ t a nk / p_a ;
%% P l o t s
f i g u r e
p l o t ( p_tank , s_min_a l , ’b−o ’ )
ho ld on
p l o t ( p_tank , s_min_ t i 64 , ’g−o ’ )
ho ld on
p l o t ( p_tank , s _ m i n _ s t e e l , ’ r−o ’ )
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ho ld on
% y1= g e t ( gca , ’ yl im ’ ) ;
% t x t = ’ f a c t o r o f s a f e t y 1 ,5 \ r i g h t a r r o w ’ ;
% % p l o t ( [ p_b1 p_b1 ] , [ y1 ] )
l e g e n d ( ’ 7075 ’ , ’ Ti64 ’ , ’W720 ’ )
g r i d on
x l a b e l ( ’ b u r s t p r e s s u r e [N/mm^2] ’ )
y l a b e l ( ’ s_m_i_n [mm] ’ )
f i g u r e
p l o t ( d _ i _ a l , m_al , ’b−o ’ )
ho ld on
p l o t ( d _ i _ t i 6 4 , m_ti64 , ’g−o ’ )
ho ld on
p l o t ( d _ i _ s t e e l , m_s tee l , ’ r−o ’ )
l e g e n d ( ’ Al 7075 ’ , ’ Ti64 ’ , ’ s t e e l ’ )
g r i d on
x l a b e l ( ’ I n n e n d u r c h m e s s e r [mm] ’ )
y l a b e l ( ’ Tankmasse [ kg ] ’ )
f i g u r e
p l o t ( p_tank , m_al , ’b−o ’ )
ho ld on
p l o t ( p_tank , m_ti64 , ’g−o ’ )
ho ld on
p l o t ( p_tank , m_s tee l , ’ r−o ’ )
g r i d on
x l a b e l ( ’ b u r s t p r e s s u r e [N/mm^2] ’ )
y l a b e l ( ’ Tankmasse [ kg ] ’ )
f i g u r e
p l o t ( p_tank , l _ c y l i n d e r _ a l , ’ b−o ’ )
ho ld on
p l o t ( p_tank , l _ c y l i n d e r _ t i 6 4 , ’g−o ’ )
ho ld on
p l o t ( p_tank , l _ c y l i n d e r _ s t e e l , ’ r−o ’ )
l e g e n d ( ’ Al 7075 ’ , ’ Ti64 ’ , ’ s t e e l ’ )
g r i d on
x l a b e l ( ’ b u r s t p r e s s u r e [N/mm^2] ’ )
y l a b e l ( ’ Länge Z y l i n d e r [mm] ’ )
f i g u r e
p l o t ( p_tank , m_al , ’b−o ’ )
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ho ld on
p l o t ( p_tank , m _ c y l i n d e r _ a l , ’ b−−’ )
ho ld on
p l o t ( p_tank , m_ti64 , ’g−o ’ )
ho ld on
p l o t ( p_tank , m _ c y l i n d e r _ t i 6 4 , ’g−−’ )
ho ld on
p l o t ( p_tank , m_s tee l , ’ r−o ’ )
ho ld on
p l o t ( p_tank , m _ c y l i n d e r _ s t e e l , ’ r−−’ )
l e g e n d ( ’ Al 7075 mi t Deckel ’ , ’ Al 7075 z y l . T e i l ’ , ’ Ti64 mi t Deckel ’ , ’
Ti64 z y l . T e i l ’ , ’ S t a h l mi t W720 Deckel ’ , ’W720 z y l . T e i l ’ )
g r i d minor
x l a b e l ( ’ b u r s t p r e s s u r e [N/mm^2] ’ )
y l a b e l ( ’ Tankmasse [ kg ] ’ )
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%% T o r i s p h ä r i s c h e r Boden nach DIN EN 13445−3 s . 3 1 f f .
c l o s e a l l
c l e a r a l l
c l c
%% P a r a m e t e r
% I t e r a t i v e r P r o z e s s da d i e Dicke des Bordes ( z y l i n d r . T i e l vor d e r
Krempe )
% i n d i e Rechnung zu Beginn mi t e i n f l i e ß t .
% I n d i z e s : 1 : Klöpperboden , 2 : Korbbogenboden
P = 1 8 ; % [N/mm^2] Berechnungsd ruck
% e = [ 2 0 . 0 5 2 9 , 1 6 . 8 8 6 6 ] ; % [mm] Dicke
z y l i n d r i s c h e r T e i l
e = 5 : 0 . 0 0 0 1 : 2 5 ;
Da = 438 ; % [mm] Durchmesser außen
Di = 438−2*e ; % I n n e n d u r c h m e s s e r des z y l i n d r i s c h e n Bordes
Klöpperboden ( 1 ) , Korbbogenboden ( 2 )
s _ m i n _ a l _ c y l = 8 . 1 8 ; % [mm] minimal b e n ö t i g t e Wanddicke im
c y l i n d r i s c h e n T e i l
s_min_a l_hkb = 4 . 0 9 ; % [mm] minimal b e n ö t i g t e Wanddicke im
Halbkuge lboden
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Rp02T = 413 ; % [N/mm^2] 0,2% Dehngrenze b e i Tempera tu r
Rm = 482 ; % [N/mm^2] F e s t i g k e i t 7075
S i c h e r h e i t = 1 . 5 ; % S i c h e r h e i t s f a k t o r
f = Rm; % [N/mm^2] Berechnungsspannung
z = 1 ; % S c h w e i ß n a h t f a k t o r − k e i n e Schweißnah t
% Klöpperboden
R_kloep = Da ; % I n n e n r a d i u s im M i t t e l b e r e i c h e i n e s
t o r i s p h ä r i s c h e n Bodens − h i e r Klöpperboden
r _ k l o e p = 0 . 1 * Da ; % I n n e n r a d i u s d e r Krümmung e i n e r Krempe
% Korbbogenboden
R_korb = 0 . 8 * Da ; % I n n e n r a d i u s im M i t t e l b e r e i c h e i n e s
t o r i s p h ä r i s c h e n Bodens − h i e r Korbbogenboden
r _ k o r b = 0 .154* Da ;
R = R_kloep ;
r = r _ k l o e p ;
%% Berechnung Klöpperboden
X = r . / Di ;
Y = min ( e . / R , 0 . 0 4 ) ;
N = 1 . 0 0 6 −1 . / ( 6 . 2 + ( 9 0 *Y) . ^ 4 ) ;
b02 = max ( 0 . 9 5 * ( 0 . 5 6 −1 . 9 4 . *Y( 2 ) −82.5*Y( 2 ) ^2 ) , 0 . 5 ) ;
Z = l o g ( 1 . / Y) ;
% F a k t o r b e t a z u r Berechnung f ü r ey h i e r Benutzung d e r Formel (
a n s t e l l e des
% Diagramms ) b01 , b016 : Wahl d e r Formel e n t s p r e c h e n d F a k t o r X
b01 = N.*( −0 .1833*Z . ^ 3 + 1 . 0 3 8 3 * Z.^2 −1 .2943 .*Z + 0 . 8 3 7 ) ; % Klöpper
b = b01 ;
% Formeln f ü r e l l i p t i s c h e Böden
h i = 0 .255* Da−0.635* e ( 2 ) ;
K = Di ( 2 ) / ( 2 * h i ) ;
r2 = Di ( 2 ) * ( ( 0 . 5 / K) −0.08) ;
R2 = Di ( 2 ) * ( 0 . 4 4 *K+ 0 . 0 2 ) ;
% Berechnung Wanddicken mi t be r echne t em b e t a − I n d i z e s : 1 : Klöpper ,
2 : Korb
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es = P*R/ ( 2 * f *z−0.5*P ) ; %
E r f o r d e r l i c h e Wanddicke des Bodens z u r Begrenzung d e r
Membranspannung i n d e r M i t t e
ey = b . * P . * ( 0 . 7 5 * R+0.2* Di ) . / f ; %
E r f o r d e r l i c h e Wanddicke d e r Krempe z u r V e r h i n d e r u n g
a s s y m e t r i s c h e n F l i e ß e n s
fb = Rp02T / 1 . 5 ;
eb = ( 0 . 7 5 *R( 1 ) +0 .2* Di ( 1 ) ) * ( P / ( 1 1 1 * fb ) * ( Di ( 1 ) / r ( 1 ) ) ^ 0 . 8 2 5 ) ^ ( 1 / 1 . 5 ) ; %
E r f o r d e r l i c h e Wanddicke d e r Krempe z u r V e r h i n d e r u n g p l a s t i s c h e n
Beu lens
SKlop = max ( es , max ( ey , eb ) ) ;
% SKorb = max ( es ( 2 ) , max ( ey ( 2 ) , eb ( 2 ) ) ) ;
S = SKlop ;
Smx = max ( S )
%% P l o t s
f i g u r e
p l o t ( e , S )
ho ld on
l i n e ( [ − 2 ] , [ 5 ] )
g r i d minor
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%% T o r i s p h ä r i s c h e r Boden nach DIN EN 13445−3 s . 3 1 f f .
c l o s e a l l
c l e a r a l l
c l c
%% P a r a m e t e r
% I t e r a t i v e r P r o z e s s da d i e Dicke des Bordes ( z y l i n d r . T i e l vor d e r
Krempe )
% i n d i e Rechnung zu Beginn mi t e i n f l i e ß t .
% I n d i z e s : 1 : Klöpperboden , 2 : Korbbogenboden
P = 1 8 ; % [N/mm^2] Berechnungsd ruck
%e = 7 . 1 ; % [mm] Dicke z y l i n d r i s c h e r T e i l
e = 9 ;
%e = 0 : 0 . 0 0 0 1 : 2 5 ;
Da = 438 ; % [mm] Durchmesser außen
Di = 438−2*e ; % I n n e n d u r c h m e s s e r des z y l i n d r i s c h e n Bordes
Klöpperboden ( 1 ) , Korbbogenboden ( 2 )
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Rp02T = 413 ; % [N/mm^2] 0,2% Dehngrenze b e i Tempera tu r
Rm = 482 ; % [N/mm^2] F e s t i g k e i t 7075
S i c h e r h e i t = 1 . 5 ; % S i c h e r h e i t s f a k t o r
f = Rm; % [N/mm^2] Berechnungsspannung
z = 1 ; % S c h w e i ß n a h t f a k t o r − k e i n e Schweißnah t
% Klöpperboden
R_kloep = Da ; % I n n e n r a d i u s im M i t t e l b e r e i c h e i n e s
t o r i s p h ä r i s c h e n Bodens − h i e r Klöpperboden
r _ k l o e p = 0 . 1 * Da ; % I n n e n r a d i u s d e r Krümmung e i n e r Krempe
% Korbbogenboden
R_korb = 0 . 8 * Da ; % I n n e n r a d i u s im M i t t e l b e r e i c h e i n e s
t o r i s p h ä r i s c h e n Bodens − h i e r Korbbogenboden
r _ k o r b = 0 .154* Da ;
R = R_korb ;
r = r _ k o r b ;
%% Berechnung Korbbogenboden
% Formeln f ü r e l l i p t i s c h e Böden
h i = 0 .255* Da−0 .635 .* e ;
K = Di . / ( 2 * h i ) ;
r2 = Di . * ( ( 0 . 5 . / K) −0.08) ; % h i e r das Problem
R2 = Di . * ( 0 . 4 4 . *K+ 0 . 0 2 ) ; % h i e r das Problem
X = r . / Di ;
Y = min ( e / R , 0 . 0 4 ) ;
N = 1 . 0 0 6 −1 . / ( 6 . 2 + ( 9 0 *Y) . ^ 4 ) ;
b02 = max ( 0 . 9 5 * ( 0 . 5 6 −1 . 9 4 . *Y−82.5*Y. ^ 2 ) , 0 . 5 ) ;
Z = l o g ( 1 . / Y) ;
% F a k t o r b e t a z u r Berechnung f ü r ey h i e r Benutzung d e r Formel (
a n s t e l l e des
% Diagramms ) b01 , b016 : Wahl d e r Formel e n t s p r e c h e n d F a k t o r X
b01 = N.*( −0 .1833*Z . ^ 3 + 1 . 0 3 8 3 * Z.^2 −1 .2943 .*Z + 0 . 8 3 7 ) ; % Klöpper
b016 = 10*((0 .2 −X) . * b01 +(X−0.1) . * b02 ) ; % Korbbogenboden
b = b016 ;
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% Berechnung Wanddicken mi t be r echne t em b e t a − I n d i z e s : 1 : Klöpper ,
2 : Korb
es = P*R/ ( 2 * f *z−0.5*P ) ; %
E r f o r d e r l i c h e Wanddicke des Bodens z u r Begrenzung d e r
Membranspannung i n d e r M i t t e
ey = b . * P . * ( 0 . 7 5 * R+0.2* Di ) . / f ; %
E r f o r d e r l i c h e Wanddicke d e r Krempe z u r V e r h i n d e r u n g
a s s y m e t r i s c h e n F l i e ß e n s
fb = Rp02T / 1 . 5 ;
eb = ( 0 . 7 5 *R+0.2* Di ) . * ( P . / ( 1 1 1 * fb ) . * ( Di / r ) . ^ 0 . 8 2 5 ) . ^ ( 1 / 1 . 5 ) ; %
E r f o r d e r l i c h e Wanddicke d e r Krempe z u r V e r h i n d e r u n g p l a s t i s c h e n
Beu lens
SKorb = max ( es , max ( ey , eb ) ) ;
S = SKorb ;
Smx = max ( S )
%% P l o t s
f i g u r e
p l o t ( e , S )
t i t l e ( ’S ’ )
g r i d minor
f i g u r e
p l o t ( e ,X)
t i t l e ( ’X’ )
g r i d minor
f i g u r e
p l o t ( e ,K)
t i t l e ( ’K’ )
g r i d minor
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c l o s e a l l
c l e a r a l l
c l c
% Sc hr au be n re ch nu ng
%% P a r a m e t e r
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% G e o m e t r i e p a r a m e t e r F l a n s c h
Dinnen = 438 ; % [mm] Durchmesser i n n e n
Daussen = 520 ; % [mm] Durchmesser außen
l = 6 0 ; % [mm] F l a n s c h d i c k e
dL = 480 ; % [mm] L o c h k r e i s d u r c h m e s s e r
% G e o m e t r i e p a r a m e t e r Schrauben R e i h e n f o l g e : M6, M8, M10 , M12 , M14 , M16
d = [ 6 , 8 , 1 0 , 1 2 , 1 4 , 1 6 , 1 8 , 2 0 ] ; % [mm] Durchmesser Gewinde
dk = [ 1 0 , 1 3 , 1 6 , 1 8 , 2 1 , 2 4 , 2 7 , 3 0 ] ; % [mm] Durchmesser Kopf
m = [ 6 . 1 , 7 . 9 , 9 . 5 , 1 2 . 2 , 1 3 . 9 , 1 5 . 9 , 1 6 . 9 , 1 9 ] ; % [mm] Höhe Mut t e rn
db = [ 6 . 6 , 9 , 1 1 , 1 4 , 1 6 , 1 8 , 2 0 , 2 2 ] ; % [mm]
Bohrungsdu rchmesse r
P = [ 1 , 1 . 2 5 , 1 . 5 , 1 . 7 5 , 2 , 2 , 2 . 5 , 2 . 5 ] ; % [mm] T e i l u n g Gewinde
l s = 3 ; % [mm] Höhe U n t e r l e g s c h e i b e
lgew = 5 ; % [mm] Länge f r e i e s , b e l a s t e t e s
Gewinde
l s c h = l−5+ l s ; % [mm] Länge S c h r a u b e n s c h a f t (5mm
Gewinde bevor Mu t t e r )
lgewf = 5+m; % [mm] Länge Gewinde i n M ut t e r
und d a r ü b e r h i n a u s u n b e l a s t e t e s
% M a t e r i a l w e r t e
Es = 210000; % [N/mm^2]
Ep = 71000 ; % [N/mm^2]
% s o n s t P a r a m e t e r
z = 4 5 ; % Anzahl Schrauben
Fp = 1 8 * 1 3 9 3 3 0 . 2 8 ; % [N] A x i a l k r a f t r e s u l t i e r e n d aus I n n e n d r u c k (18
MPa * 139330 .28mm^2 I n n e n f l ä c h e Z y l i n d e r )
%Fb = 6 4 4 3 5 / 0 . 2 1 9 ; % [N] A x i a l k r a f t aus Biegemoment
Fa = Fp ; % [N] Gesamt B e t r i e b s k r a f t
%% Formeln N a c h g i e b i g k e i t e n
% Schraube
% z u s ä t z l i c h e S c h a f t l ä n g e
l k = 0 . 4 * dk ; % [mm] f ü r I n n e n s e c h s k a n t s c h r a u b e n
lm = 0 . 4 * d ; % [mm] z u s ä t z l i c h e S c h a f t l ä n g e Mut te r ,
k o n s e r v a t i v e r Wert 0 . 4
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% d2 = d−0.65*P ;
% d3 = d−1.227*P ;
% Agew = p i * ( d2+d3 ) . ^ 2 / 1 6 ; % [mm^2] E r s a t z q u e r s c h n i t t f ü r Gewinde −
e n t s p r i c h t Q u e r s c h n i t t e i n e s g l a t t e n Z u g s t a b e s mi t g l e i c h e r
s t a t i s c h e r B r u c h l a s t wie d e r Gewindebolzen
A3 = [ 1 7 . 8 9 , 3 2 . 8 4 , 5 2 . 3 , 7 6 . 2 5 , 1 0 4 . 7 , 1 4 4 . 1 , 1 7 5 . 1 , 2 2 5 . 2 ] ; % [mm]
K e r n q u e r s c h n i t t aus Ro lo f f−Matek
Ak = ( dk / 2 ) . ^ 2 * p i ; % [mm^2] F l ä c h e Kopf
As = ( d / 2 ) . ^ 2 * p i ; % [mm^2] F l ä c h e S c h a f t
Am = As ;
% N a c h g i e b i g k e i t e i n e r Schraube
d e l t a _ k = l k . / ( Es*As ) ; % h i e r F l ä c h e Schraube ode r
F l ä c h e Kopf ??
d e l t a _ s c h = l s c h . / ( Es*As ) ; % S c h a f t b e l a s t e t
d e l t a _ g e w = lgew . / ( Es*A3 ) ; % Gewinde b e l a s t e t
de l t a_m = lm . / ( Es*Am) ; % Mut t e r b e l a s t e t
d e l t a _ s = d e l t a _ k + d e l t a _ s c h + d e l t a _ g e w + de l t a_m ; %
G e s a m t n a c h g i e b i g k e i t h i e r e v t l g e n a u e r ??
% Z w i s c h e n l a g e
A = ( ( Daussen / 2 ) ^2−( Dinnen / 2 ) ^2 ) * p i ; % [mm^2] K o n t a k t f l ä c h e
F l a n s c h
Da = ( Daussen−Dinnen ) / 2 ;
Aers = p i / 4 * ( dk .^2−db . ^ 2 ) + p i / 8 * ( Da . / dk−1) . * ( dk* l /5+ l ^ 2 / 1 0 0 ) ; % [mm
^2] E r s a t z q u e r s c h n i t t Z w i s c h e n l a g e
Aersu = p i / 4 * ( dk .^2−db . ^ 2 ) + p i / 8 * ( Da . / dk−1) . * ( dk* l s /5+ l s ^ 2 / 1 0 0 ) ; % [
mm^2] E r s a t z q u e r s c h n i t t U n t e r l e g s c h e i b e
d e l t a _ p = l . / ( Ep* Aers ) +2* l s . / ( Es* Aersu ) ;
%% Formeln K r ä f t e
p h i = 0 . 5 * d e l t a _ p . / ( d e l t a _ s + d e l t a _ p ) ; % V e r s p a n n u n g s f a k t o r mi t
K r a f t e i n l e i t u n g s f a k t o r 0 ,5
% Klemmkraf t
S = 1 ; % S i c h e r h e i t s w e r t Fk / Fa
u = 0 . 2 1 ; % H a f t r e i b u n g s w e r t Alu−Alu − VDI
2230
M = 4 5 5 . 2 2 ; % [Nm] Drehmoment a u f g r u n d de−
Spin
F t = 64453 ; % [N] Q u e r k r a f t
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a l p h a = 1 . 4 ; % D r e h m o m e n t g e s t e u e r t e s
A n z i e h v e r f a h r e n
Fka = S*Fa / z ; % [N] Klemmkraf t a x i a l
%Fkt = S* F t / ( u* z ) ; % [N] Klemmkraf t f ü r Q u e r k r a f t
%Fkm = 2*M* 1 0 0 0 / ( z *u*dL ) ; % [N] Klemmkraf t zum Ü b e r t r a g e n
des Drehmoments ( de−Spin ) 1000 f ü r Nm−Nmm
Fk = Fka ;%+ Fkt +Fkm ; % [N] Klemmkraf t gesamt
% Fa = Fk ; % [N] B e t r i e b s k r a f t p ro
Schraube
f z = (3+4+4+3*1) * 0 . 0 0 1 ; % 10^−3[mm] S e t z b e t r ä g e
nach VDI 2230 − B e t r ä g e : Gewinde : 3 , Kopf / M ut t e r : j e 4 ,
Z w i s c h e n f l ä c h e : 3 * Anzahl F l ä c h e n − Werte b e i k o n s e r v a t i v b e i
maximaler R a u t i e f e nach Norm
Fz = f z . / ( d e l t a _ s + d e l t a _ p ) ;
Fv = Fk+(1− p h i ) . * Fa / z ; % [N] S c h r a u b e n v o r s p a n n k r a f t
Fsa = p h i . * Fa / z ; % [N] S c h r a u b e n z u s a t z k r a f t
Fm = Fk+Fz+(1− p h i ) . * Fa / z ; % [N] Fm: Minimale
M on ta ge k r a f t , Fk : Res tk l emmkra f t , Fv : V o r s p a n n k r a f t , Fz :
S e t z k r a f t
Fmmax = a l p h a *Fm % [N] maximale M o n t a g e k r a f t
Fs = Fm+Fsa ; % [N] G e s a m t s c h r a u b e n k r a f t
Fsmax = Fmmax+Fsa ; % [N] maximale
G e s a m t s c h r a u b e n k r a f t
%% F l ä c h e n p r e s s u n g
Ap = p i / 4 * ( dk .^2−db . ^ 2 ) ; % [mm^2] K o n t a k t f l ä c h e − Aus
S k r i p t M a s c h i n e n g e s t a l t u n g 2 / 3
p r e s s = Fsmax . / Ap ;
%% S c h r a u b e n a u s l a s t u n g
Rm88 = 8*100 ; % [N/mm^2] F e s t i g k e i t 8 . 8 e r Schraube
Rp88 = 8*8*10; % [N/mm^2] Dehngrenze 8 . 8 e r Schraube
Rm109 = 10*100; % [N/mm^2] F e s t i g k e i t 1 0 . 9 e r Schraube
Rp109 = 10*9*10; % [N/mm^2] Dehngrenze 1 0 . 9 e r Schraube
Rm129 = 12*100; % [N/mm^2] F e s t i g k e i t 1 2 . 9 e r Schraube
Rp129 = 12*9*10; % [N/mm^2] Dehngrenze 1 2 . 9 e r Schraube
e t a 1 2 9 = Fsmax . / ( Rp129*A3 ) ;
e t a 1 0 9 = Fsmax . / ( Rp109*A3 ) ;
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%% P l o t s
f i g u r e
b a r ( d , Fs )
t i t l e ( ’Minimum Screw F o r c e s ove r S c r e w s i z e ’ )
x l a b e l ( ’ S c r e w s i z e ’ )
y l a b e l ( ’ S c r e w f o r c e [N] ’ )
y l im ( [ 1 1 . 8 * 1 0 ^ 4 , 1 2 . 5 * 1 0 ^ 4 ] )
f i g u r e
b a r ( d , Fsmax )
t i t l e ( ’Maximum Screw F o r c e s ove r S c r e w s i z e ’ )
x l a b e l ( ’ S c r e w s i z e ’ )
y l a b e l ( ’ S c r e w f o r c e [N] ’ )
y l im ( [ 1 6 * 1 0 ^ 4 , 1 6 . 8 * 1 0 ^ 4 ] )
f i g u r e
b a r ( d , p r e s s )
t i t l e ( ’Maximum c o n t a c t s u r f a c e p r e s s u r e ’ )
x l a b e l ( ’ S c r e w s i z e ’ )
y l a b e l ( ’ S u r f a c e p r e s s u r e [N/mm^2] ’ )
g r i d on
f i g u r e
b a r ( d , e t a 1 2 9 *100)
t i t l e ( ’ Screw u t i l i z a t i o n 1 2 . 9 ( a t 45 s c r ew s ) ’ )
x l a b e l ( ’ S c r e w s i z e ’ )
y l a b e l ( ’ Screw u t i l i z a t i o n [%] ’ )
g r i d on
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c l o s e a l l
c l e a r a l l
c l c
% F l a n s c h b e r e c h n u n g nach DIN EN 13445−3:2018
% FLansch typ B i l d 11.5−2
%% G e o m e t r i e w e r t e h i e r V5
g0 = 8 . 1 8 ; % [mm] Wanddicke z y l i n d r i s c h e r T e i l
DA = 500 ; % [mm] Außendruchmesser
B = 4 2 1 . 6 4 ; % [mm] I n n e n d u r c h m e s s e r
Cl = 480 ; % [mm] L o c h k r e i s d u r c h m e s s e r
g1 = 9 . 1 8 ; % [mm] Dicke d e r Krempe
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e = 3 0 ; % [mm] Dicke des F l a n s c h e s
h = 1 ; % [mm] Höhe
%% 1 1 . 5 . 2 S c h r a u b e n k r ä f t e und −q u e r s c h n i t t e
w = 1 5 ; % W i r k b r e i t e d e r Dich tung
b0 = w/ 2 ; % D i c h t b r e i t e d e r Dich tung
% b0 = 7 . 5 ; % −> G = Außendruchmesser Dich tung − 2*b
b = 2 .52 * s q r t ( b0 ) ;
G = 458−2*b ; % Durchmesser d e r wirksamen D i c h t u n g s f l ä c h e nach den
Anfo rde rungen i n 1 1 . 5 . 2
P = 1 8 ; % Berechnungsaußend ruck
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
%% F a k t o r e n f ü r Spannungen im F l a n s c h
d e l t a b = 510* p i / 5 0 ; % [mm] Abstand zwischen M i t t e l l i n i e n b e n a c h b a r t e r
Schrauben
db = 1 8 ; % [mm] Durchmesser Schraube
m = 4 ; % D i c h t u n g s b e i w e r t − Weichaluminium s . 7 5 7
y = 6 0 . 6 ; % [N/mm^2] M i n d e s t f l ä c h e n p r e s s u n g
A = g1 / g0−1;
v = 0 . 3 5 ; % Q u e r k o n t r a k t i o n s z a h l Alu F r i e d r i c h Ostermann :
Anwendungs t echno log ie Aluminium
I0 = s q r t (B*g0 ) ;
C = 48*(1−v ^2 ) * ( h / I0 ) ^ 4 ;
C1 = 1/3+A/ 1 2 ;
C2 = 5/42+17*A/ 3 3 6 ;
C3 = 1/210+A/ 3 6 0 ;
C4 = 11/360+59*A/5040+(1+3*A) / C ;
C5 = 1/90+5*A/1008−(1+A) ^ 3 /C ;
C6 = 1/120+17*A/ 5 0 4 0 + 1 /C ;
C7 = 215/2772+51*A/1232+( (120+225*A+150*A^2+35*A^3) / 1 4 ) / C ;
C8 = 31/6930+128*A/45045+( (66+165*A+132*A^2+35*A^3) / 7 7 ) / C ;
C9 = 533/30240+653*A/73920+( (42+198*A+117*A^2+25*A^3) / 8 4 ) / C ;
C10 = 29/3780+3*A/704− ( (42+198*A+243*A^2+91*A^3) / 8 4 ) / C ;
C11 = 31/6048+1763*A/665280+( (42+72*A+45*A^2+10*A^3) / 8 4 ) / C ;
C12 = 1/2925+71*A/300300+( (88+198*A+156*A^2+42*A^3) / 3 8 5 ) / C ;
C13 = 761/831600+937*A/1663200+( (2+12*A+11*A^2+3*A^3) / 7 0 ) / C ;
C14 = 197/415800+103*A/332640− ( (2+12*A+17*A^2+7*A^3) / 7 0 ) / C ;
C15 = 233/831600+97*A/554400+( (6+18*A+15*A^2+4*A^3) / 2 1 0 ) / C ;
C16 = C1*C7*C12+C2*C8*C3+C3*C8*C2−(C3^2*C7+C8^2*C1+C2^2*C12 ) ;
C17 = ( C4*C7*C12+C2*C8*C13+C3*C8*C9−(C13*C7*C3+C8^2*C4+C12*C2*C9 ) ) /
C16 ;
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C18 = ( C5*C7*C12+C2*C8*C14+C3*C8*C10−(C14*C7*C3+C8^2*C5+C12*C2*C10 ) ) /
C16 ;
C19 = ( C6*C7*C12+C2*C8*C15+C3*C8*C11−(C15*C7*C3+C8^2*C6+C12*C2*C11 ) ) /
C16 ;
C20 = ( C1*C9*C12+C4*C8*C3+C3*C13*C2−(C3^2*C9+C13*C8*C1+C12*C4*C2 ) ) /
C16 ;
C21 = ( C1*C10*C12+C5*C8*C3+C3*C14*C2−(C3^2*C10+C14*C8*C1+C12*C5*C2 ) ) /
C16 ;
C22 = ( C1*C11*C12+C6*C8*C3+C3*C15*C2−(C3^2*C11+C15*C8*C1+C12*C6*C2 ) ) /
C16 ;
C26 = −(C / 4 ) ^ 0 . 2 5 ;
C27 = C20−C17−5/12+C17*C26 ;
C28 = C22−C19−1/12+C19*C26 ;
C29 = −(C / 4 ) ^ 0 . 5 ;
C30 = −(C / 4 ) ^ 0 . 7 5 ;
C31 = 3*A/2−C17*C30 ;
C32 = 0.5−C19*C30 ;
C33 = C26*C32 /2+ C28*C31*C29−(C30*C28 /2+ C32*C27*C29 ) ;
C34 = 1/12+ C18−C21−C18*C26 ;
C35 = C18*C30 ;
C36 = ( C28*C35*C29−C32*C34*C29 ) / C33 ;
%% 1 1 . 5 . 3 Flanschmomente
H = p i / 4 * (G^2*P ) ; % H: Gesamtwer t d e r I n n e n d r u c k k r a f t
HD = p i / 4 * (B^2*P ) ;
hD = ( Cl−B−g1 ) / 2 ;
HT = H−HD;
hT = (2* Cl−B−G) / 4 ;
HG = 2* p i *G*b*m*P ;
hG = ( Cl−G) / 2 ;
WA = p i *b*G*y ;
Wop = H+HG;
fBA = 1.508612663487713 e +05;
fB = fBA ;
ABmin = max (WA/ fBA , Wop / fB ) ;
AB = 1 7 5 . 1 ; % S c h r a u b e n k e r n q u e r s c h n i t t M18
W = 0 . 5 * ( ABmin+AB) *fBA ;
MA = W*hG ;
Mop = HD*hD+HT*hT+HG*hG ;
%% 1 1 . 5 . 4 Spannungen am F l a n s c h und B e l a s t u n g s g r e n z e n
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% F a k t o r e n
CF = max ( s q r t ( d e l t a b / ( 2 * db +(6* e ) / (m+ 0 . 5 ) ) ) , 1 ) ;
K = DA/ B ;
p h i = C36 / ( 1 +A) ;
% Flanschmoment
% M = [MA*CF / B , Mop*CF / B ] ; % E i n b a u z u s t a n d , B e t r i e b s z u s t a n d
M = Mop*CF / B ; % B e t r i e b s z u s t a n d
be taT = (K^2*(1+8 .55246* l o g (K) ) −1) / ( ( 1 . 0 4 7 2 + 1 . 9 4 4 8 *K^2) * (K−1) ) ;
betaU = (K^2*(1+8 .55246* l o g (K) ) −1) / ( 1 . 3 6 1 3 6 * (K^2−1) * (K−1) ) ;
betaY = 1 / ( K−1) * ( 0 . 6 6 8 4 5 + 5 . 7 1 6 9 * (K^2* l o g (K) ) / ( K^2−1) ) ;
% b e t a F = −E6 / ( ( C/(3*(1 − v ^2 ) ) ) ^ 0 . 2 5 * ( ( 1 +A) ^3 ) / C) ;
% betaV = E4 / ( ( ( 3 * ( 1 − v ^2 ) ) / C) ^ 0 . 2 5 * ( 1 +A) ^3 ) ;
b e t a F = 0 . 9 0 8 9 2 0 ;
betaV = 0 . 5 5 0 1 0 3 ;
lambda = ( e * b e t a F + I0 ) / ( be t aT * I0 ) +( betaV * e ^3 ) / ( betaU * I0 *g0 ^2 ) ;
% Spannungen im F l a n s c h
oH = p h i *M. / ( lambda *g1 ^2 ) % Längsspannung im
Ansa tz
o r = ( 1 . 3 3 3 * e * b e t a F + I0 ) *M. / ( lambda * I0 * e ^2 ) % R a d i a l s p a n n u n g im
F l a n s c h
o t = betaY *M. / e^2−or * (K^2+1) / ( K^2−1) % T a n g e n t i a l s p a n n u n g
im F l a n s c h
% %% 1 1 . 6 . 2 S c h r a u b e n k r ä f t e und −q u e r s c h n i t t e
%
% %% 1 1 . 6 . 3 F l a n s c h b e r e c h n u n g
%
% e = s q r t (6*MR/ ( f * ( p i *C−n*dh ) ) ) ; % Dicke des F l a n s c h e s
% e2 = m+ 0 . 5 ) / ( ( E / 2 0 0 0 0 0 ) ^ 0 . 2 5 ) * ( d e l t a b −2*db ) / 6 ;
% e3 = ( A1+2* g1 ) *P / ( 2 * f ) ;
B.6 Bottom Flange Screw Calculations (Matlab-Code)
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c l e a r a l l
c l c
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% Sc hr au be n re ch nu ng
%% P a r a m e t e r
% G e o m e t r i e p a r a m e t e r F l a n s c h
Dinnen = 100 ; % [mm] Durchmesser i n n e n
Daussen = 130 ; % [mm] Durchmesser außen
l = 1 0 ; % [mm] F l a n s c h d i c k e
dL = 116 ; % [mm] L o c h k r e i s d u r c h m e s s e r
% G e o m e t r i e p a r a m e t e r Schrauben R e i h e n f o l g e : M6, M8, M10 , M12 , M14 , M16
d = [ 6 , 8 , 1 0 , 1 2 , 1 4 , 1 6 , 1 8 , 2 0 ] ; % [mm] Durchmesser Gewinde
dk = [ 1 0 , 1 3 , 1 6 , 1 8 , 2 1 , 2 4 , 2 7 , 3 0 ] ; % [mm] Durchmesser Kopf
%m = [ 6 . 1 , 7 . 9 , 9 . 5 , 1 2 . 2 , 1 3 . 9 , 1 5 . 9 , 1 6 . 9 , 1 9 ] ; % [mm] Höhe Mut t e rn
m = 1 5 ; % [mm] Gewindelänge
db = [ 6 . 4 , 8 . 4 , 1 0 . 5 , 1 3 , 1 5 , 1 7 , 1 9 , 2 1 ] ; % [mm]
Bohrungsdu rchmesse r " f e i n " − R o l o f f Matek
P = [ 1 , 1 . 2 5 , 1 . 5 , 1 . 7 5 , 2 , 2 , 2 . 5 , 2 . 5 ] ; % [mm] T e i l u n g Gewinde
l s = 2 ; % [mm] Höhe U n t e r l e g s c h e i b e
lgew = 5 ; % [mm] Länge f r e i e s , b e l a s t e t e s
Gewinde
l s c h = l−lgew+ l s ; % [mm] Länge S c h r a u b e n s c h a f t (5
mm Gewinde bevor M ut t e r )
%lgewf = m; % [mm] Länge Gewinde i n M ut t e r
und d a r ü b e r h i n a u s u n b e l a s t e t e s
% M a t e r i a l w e r t e
Es = 210000; % [N/mm^2]
Ep = 71000 ; % [N/mm^2]
% s o n s t P a r a m e t e r
z = 2 0 ; % Anzahl Schrauben
Fp = 18*( Dinnen / 2 ) ^2* p i ; % [N] A x i a l k r a f t r e s u l t i e r e n d aus
I n n e n d r u c k (18MPa * 139330 .28mm^2 I n n e n f l ä c h e Z y l i n d e r )
Fa = Fp ; % [N] Gesamt B e t r i e b s k r a f t
%% Formeln N a c h g i e b i g k e i t e n
% Schraube
% z u s ä t z l i c h e S c h a f t l ä n g e
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l k = 0 . 4 * dk ; % [mm] f ü r I n n e n s e c h s k a n t s c h r a u b e n
lm = 0 . 4 * d ; % [mm] z u s ä t z l i c h e S c h a f t l ä n g e Mut te r ,
k o n s e r v a t i v e r Wert 0 . 4
A3 = [ 1 7 . 8 9 , 3 2 . 8 4 , 5 2 . 3 , 7 6 . 2 5 , 1 0 4 . 7 , 1 4 4 . 1 , 1 7 5 . 1 , 2 2 5 . 2 ] ; % [mm]
K e r n q u e r s c h n i t t aus Ro lo f f−Matek
Ak = ( dk / 2 ) . ^ 2 * p i ; % [mm^2] F l ä c h e Kopf
As = ( d / 2 ) . ^ 2 * p i ; % [mm^2] F l ä c h e S c h a f t
Am = As ;
% N a c h g i e b i g k e i t e i n e r Schraube
d e l t a _ k = l k . / ( Es*As ) ; % Schraubenkop f
d e l t a _ s c h = l s c h . / ( Es*As ) ; % S c h a f t b e l a s t e t
d e l t a _ g e w = lgew . / ( Es*A3 ) ; % Gewinde b e l a s t e t
de l t a_m = lm . / ( Es*Am) ; % Mut t e r b e l a s t e t
d e l t a _ s = d e l t a _ k + d e l t a _ s c h + d e l t a _ g e w + de l t a_m ; %
G e s a m t n a c h g i e b i g k e i t
% Z w i s c h e n l a g e
A = ( ( Daussen / 2 ) ^2−( Dinnen / 2 ) ^2 ) * p i ; % [mm^2] K o n t a k t f l ä c h e
F l a n s c h
Da = ( Daussen−Dinnen ) / 2 ;
Aers = p i / 4 * ( dk .^2−db . ^ 2 ) + p i / 8 * ( Da . / dk−1) . * ( dk* l /5+ l ^ 2 / 1 0 0 ) ; % [mm
^2] E r s a t z q u e r s c h n i t t Z w i s c h e n l a g e
Aersu = p i / 4 * ( dk .^2−db . ^ 2 ) + p i / 8 * ( Da . / dk−1) . * ( dk* l s /5+ l s ^ 2 / 1 0 0 ) ; % [
mm^2] E r s a t z q u e r s c h n i t t U n t e r l e g s c h e i b e
d e l t a _ p = l . / ( Ep* Aers ) +2* l s . / ( Es* Aersu ) ;
%% Formeln K r ä f t e
p h i = 0 . 5 * d e l t a _ p . / ( d e l t a _ s + d e l t a _ p ) ; % V e r s p a n n u n g s f a k t o r mi t
K r a f t e i n l e i t u n g s f a k t o r 0 ,5
% Klemmkraf t
S = 1 ; % S i c h e r h e i t s w e r t Fk / Fa
u = 0 . 2 1 ; % H a f t r e i b u n g s w e r t Alu−Alu − VDI
2230
a l p h a = 1 . 4 ; % D r e h m o m e n t g e s t e u e r t e s
A n z i e h v e r f a h r e n
Fka = S*Fa / z ; % [N] Klemmkraf t a x i a l
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Fk = Fka ; % [N] Klemmkraf t gesamt
% Fa = Fk ; % [N] B e t r i e b s k r a f t p ro
Schraube
f z = (3+4+4+3*1) * 0 . 0 0 1 ; % *10^−3[mm] S e t z b e t r ä g e nach
VDI 2230 − B e t r ä g e : Gewinde : 3 , Kopf / M ut t e r : j e 4 , Z w i s c h e n f l ä c h e
: 3 * Anzahl F l ä c h e n − Werte b e i k o n s e r v a t i v b e i maximaler R a u t i e f e
nach Norm
Fz = f z . / ( d e l t a _ s + d e l t a _ p ) ;
Fv = Fk+(1− p h i ) . * Fa / z ; % [N] S c h r a u b e n v o r s p a n n k r a f t
Fsa = p h i . * Fa / z ; % [N] S c h r a u b e n z u s a t z k r a f t
Fm = Fk+Fz+(1− p h i ) . * Fa / z ; % [N] Fm: Minimale
M on ta ge k r a f t , Fk : Res tk l emmkra f t , Fv : V o r s p a n n k r a f t , Fz :
S e t z k r a f t
Fmmax = a l p h a *Fm % [N] maximale M o n t a g e k r a f t
Fs = Fm+Fsa ; % [N] G e s a m t s c h r a u b e n k r a f t
Fsmax = Fmmax+Fsa ; % [N] maximale
G e s a m t s c h r a u b e n k r a f t
%% F l ä c h e n p r e s s u n g
Ap = p i / 4 * ( dk .^2−db . ^ 2 ) ; % [mm^2] K o n t a k t f l ä c h e − Aus
S k r i p t M a s c h i n e n g e s t a l t u n g 2 / 3
p r e s s = Fsmax . / Ap ;
%% S c h r a u b e n a u s l a s t u n g
Rm88 = 8*100 ; % [N/mm^2] F e s t i g k e i t 8 . 8 e r Schraube
Rp88 = 8*8*10; % [N/mm^2] Dehngrenze 8 . 8 e r Schraube
Rm109 = 10*100; % [N/mm^2] F e s t i g k e i t 1 0 . 9 e r Schraube
Rp109 = 10*9*10; % [N/mm^2] Dehngrenze 1 0 . 9 e r Schraube
Rm129 = 12*100; % [N/mm^2] F e s t i g k e i t 1 2 . 9 e r Schraube
Rp129 = 12*9*10; % [N/mm^2] Dehngrenze 1 2 . 9 e r Schraube
e t a 1 2 9 = Fsmax . / ( Rp129*A3 ) ;
e t a 1 0 9 = Fsmax . / ( Rp109*A3 ) ;
%% P l o t s
f i g u r e
b a r ( d , Fs )
t i t l e ( ’Minimum Screw F o r c e s ove r S c r e w s i z e ’ )
x l a b e l ( ’ S c r e w s i z e ’ )
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y l a b e l ( ’ S c r e w f o r c e [N] ’ )
f i g u r e
b a r ( d , Fsmax )
t i t l e ( ’Maximum Screw F o r c e s ove r S c r e w s i z e ’ )
x l a b e l ( ’ S c r e w s i z e ’ )
y l a b e l ( ’ S c r e w f o r c e [N] ’ )
f i g u r e
b a r ( d , p r e s s )
t i t l e ( ’Maximum c o n t a c t s u r f a c e p r e s s u r e ’ )
x l a b e l ( ’ S c r e w s i z e ’ )
y l a b e l ( ’ S u r f a c e p r e s s u r e [N/mm^2] ’ )
g r i d on
f i g u r e
b a r ( d , e t a 1 2 9 *100)
t i t l e ( ’ Screw u t i l i z a t i o n 1 2 . 9 ’ )
x l a b e l ( ’ S c r e w s i z e ’ )
y l a b e l ( ’ Screw u t i l i z a t i o n [%] ’ )
g r i d on
f i g u r e
b a r ( d , e t a 1 0 9 *100)
t i t l e ( ’ Screw u t i l i z a t i o n 1 0 . 9 ’ )
x l a b e l ( ’ S c r e w s i z e ’ )
y l a b e l ( ’ Screw u t i l i z a t i o n [%] ’ )
g r i d on
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c l e a r a l l
c l o s e a l l
c l c
%% E l e k t r i s c h e r A n t r i e b
p_ t a nk = 1 8 ;
a r e a _ t a n k = 1 3 9 6 2 8 . 3 1 ;
v f l o w _ g e l = 2 ;
%% m o t o r i z e d p r e s s u r i z a t i o n
S = 1 0 ; % S t e i g u n g i n [mm/ Umdrehung ]
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e t a _ a = 0 . 9 * 0 . 9 5 * 1 ; % Wirkungsgrad ( n e f f−
g e w i n d e t r i e b . de )
F_ax = p _ t an k * a r e a _ t a n k ; % a x i a l f o r c e i n [N]
m_dr ive = ( F_ax *S ) / ( 2 0 0 0 * p i * e t a _ a ) % t o r q u e motor [Nm]
s p e e d _ p i s t o n = v f l o w _ g e l *1E6 / a r e a _ t a n k ; % Speed p i s t o n f o r 2L / s i n mm
/ s
n_min = s p e e d _ p i s t o n / S *60 ; % D r e h z a h l p ro min
n = n_min / 6 0 % D r e h z a h l p ro s
P = 2* p i * m_dr ive *n / 1 0 0 0 ; % M o t o r l e i s t u n g [kW]
%% E l e c t r i c v e r s i o n
c l e a r a l l
c l o s e a l l
c l c
%% P a r a m e t e r s
P_e = 3 5 ; %[kW]
V_e = 600 ; %[V]
t = 140 ; %[ s ] t ime needed t o run
m_ba t t = 0 . 0 4 6 ; %[ kg ]
v _ b a t t = 3 . 7 ; %[V]
c _ b a t t = 2 . 5 ; %[ Ah ]
i _ b a t t _ m a x = 3 5 ; %[A] max . d i s c h a r g e c u r r e n t o f b a t t e r y
%% c a l c u l a t i o n s
ie_max = P_e * 1 0 0 0 / 6 0 0 ; % maximum needed
c u r r e n t f o r f u l l t h r o t t l e w i t h o u t e l e c t r i c a l o r g e a r e f f i c i e n c y
b a t t _ p a r = c e i l ( ie_max / i _ b a t t _ m a x ) ; % b a t t e r i e s i n
p a r a l l e l t o a c h i e v e d i s c h a r g e c u r r e n t
b a t t _ r o w = c e i l ( 6 0 0 / 3 . 7 ) ; % b a t t e r i e s i n row
a m o u n t _ b a t t = b a t t _ r o w * b a t t _ p a r ; % amount o f
b a t t e r i e s needed
m _ b a t t _ t o t a l = a m o u n t _ b a t t * m_ba t t ; % [ kg ]
a m o u n t _ b a t t _ t i m e = c e i l ( ( ie_max * t / 3 6 0 0 ) / c _ b a t t ) ; % amount o f
b a t t e r i e s ( c a p a c i t y ) needed t o run 140 s a t f u l l speed
